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  The RNA World hypothesis suggests that RNA, or a proto-RNA, existed in an 
early form of life that had not yet developed the ability to synthesize protein enzymes. 
This hypothesis, by some interpretations, implies that nucleic acid polymers were the first 
polymers of life, and must have therefore spontaneously formed from simple molecular 
building blocks in the “prebiotic soup.” Although prebiotic chemists have searched for 
decades for a process by which RNA can be made from plausible prebiotic reactions, 
numerous problems persist that stand in the way of a chemically-sound model for the 
spontaneous generation of an RNA World (e.g., strand-cyclization, heterogeneous 
backbones, non-selective ligation of activated nucleotides). The Molecular Midwife 
hypothesis, proposed by Hud and Anet in 2000, provides a possible solution to several 
problems associated with the assembly of the first nucleic acids. In this hypothesis, 
nucleic acid base pairs are assembled by small, planar molecules that resemble molecules 
which are known today to intercalate the base pairs of nucleic acid duplexes. Thus, the 
validity and merits of the Molecular Midwife hypothesis can be, to some extent, explored 
by studying the effects of intercalation on the non-covalent assembly of nucleic acids.  
In this thesis, I explore the role of the sugar-phosphate backbone in dictating the 
structure and thermodynamics of nucleic acid intercalation by using 2′,5′-linked RNA 
intercalation as a model system of non-natural nucleic acid intercalation. The solution 
structure of an intercalator-bound 2′,5′ RNA duplex reveals structural and 
thermodynamic aspects of intercalation that provide insight into the origin of the nearest-
neighbor exclusion principle, a principle that is uniformly obeyed upon the intercalation 
 xvii
of natural (i.e. 3′,5′-linked) RNA and DNA. I also demonstrate the ability of intercalator-
mediated assembly to circumvent the strand-cyclization problem, a problem that 
otherwise greatly limits the polymerization of short oligonucleotides into long polymers. 
Together, the data presented in this thesis illustrate the important role that the nucleic 
acid backbone plays in governing the thermodynamics of intercalation, and provide 
support for the proposed role of intercalator-mediated assembly in the prebiotic formation 







1.1. THE ORIGIN OF LIFE AND THE RNA WORLD HYPOTHESIS 
The so-called “central dogma” of molecular biology, which was first proposed by 
Crick [1], is the concept that deoxyribonucleic acid (DNA) stores information for the 
genetic traits of living cells. For protein synthesis, ribonucleic acid (RNA) is created 
(transcribed) from a DNA template, which then encodes for proteins (via mRNA). The 
utility of transfer RNA (tRNA) and the multi-molecular protein/RNA complex, known as 
the ribosome, carryout the translation of mRNA codes into proteins [2]. Each step of the 
above scenario is highly regulated by the incorporation of numerous protein enzymes and 
transcription factors, as well as by the DNA and RNA structures themselves. 
The realization that proteins and nucleic acids represent the informational 
macromolecules of living organisms quickly resulted in a ‘chicken and the egg’ dilemma. 
That is, which macromolecule came first: proteins, which are needed to act as the cells’ 
catalysts, or nucleic acids, which encode for the proteins themselves? In 1953, Stanley 
Miller demonstrated the formation of amino acids, the building blocks of proteins, by 
simply applying an electric discharge to a mixture of prebiotic gases (NH3, CH4, H2O, 
and H2) [3]. John Oró subsequently showed that adenine, one of the nucleic acid bases, 
could be created from the heating of hydrogen cyanide [4]. This experimental evidence, 
as well as others of similar merit [5], suggested that the prebiotic synthesis of both 
proteins and nucleic acids is possible, which further emphasized the dilemma regarding 
which came first.  
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Considerable support for the primacy of nucleic acids over proteins was provided 
in the early 1980s by the observation that some RNA molecules can catalyze reactions 
[6,7]. Thus, RNA can both store genetic information and control chemical reactions. This 
realization led to the so-called ‘RNA-World’ hypothesis: which states that RNA could 
have acted as both the information carrier and molecular machinery required to 
commence life [8]. Since the time that the first natural RNA enzymes (or ribozymes) 
were discovered, numerous natural and synthetic ribozymes have been identified that are 
capable of performing a myriad of catalytic functions [9-12]. 
In addition to the investigation of ribozymes that might have facilitated the origin 
of life, considerable research has also been dedicated toward understanding how the first 
RNA polymers could have been formed from simple precursors without the use of 
protein enzymes. It stands to reason; the natural selection of RNA sequences that could 
have started life would have required a starting “pool” of RNA polymers. Orgel and 
coworkers demonstrated that monomeric G nucleotides could be assembled on a poly(C) 
template [13]. In order to form the high energy phosphodiester bond, the G nucleotides 
required activation, by converting the 5′ phosphate into a 5′ phosphor-2-
methylimidazolide, for example. Although it was of great importance to demonstrate that 
activated nucleotides can polymerize along a template strand without the aid of a protein 
enzyme, Orgel and coworkers observed that only certain conditions produced polymers. 
For example, the addition of other bases into the template greatly reduced product 
formation. Furthermore, with regards to models for the origin of RNA, the work of Orgel 
and co-workers always required a pre-existing template. 
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More recently, Ferris and coworkers have shown that mineral catalysts, such as 
the clay montmorillonite, can provide a surface for the assembly of methylimidazole-
activated monomers without a template strand [14]. While some researcher consider this 
result a the solution to the problem of generating long nucleic acid polymers in a 
prebiotic world, surface-directed polymerization of mononucleotides still has limitations 
that leave open the question of whether or not mineral surfaces were involved in proto-
RNA polymerization. For example, the nature of the electrostatic interactions that the 
nucleic acid monomers have with the surface implies that the products of the reaction 
may become increasingly difficult to remove from the surface as they increase in length. 
Additionally, the reaction is not specific to nucleic acids capable of further replication 
[15]. Therefore, another problem with forming the first RNA polymers is not only being 
able to build polymers from prebiotic starting materials, but also replication of these 
polymers. These requirements illustrate some of the questions that remain regarding the 
origin of the first RNA polymers. How can nucleotides assemble in a fashion that will 
include only those that are capable of further propagating genetic information? 
Considerations of contemporary nucleic acid structure may provide clues to the process 
that originally gave rise to RNA, or its predecessor. 
 
1.2. NUCLEIC ACID STRUCTURE 
The structure of nucleic acids has been studied for over 50 years [16-20]. Nucleic 
acids are polymers that are composed of monomeric units, called nucleotides [21]. A 
nucleotide is composed of a ribose sugar attached to a hetero-aromatic base. Also 
attached to the sugar is a phosphate group that connects monomer nucleotides through 
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phosphodiester linkages to form polymers. In natural DNA and RNA, these linkages are 
3′,5′ (i.e., the phosphate group is connected between the 3′ position of one nucleotide and 
the 5′ position of the next along the polymer backbone). Through base pairing nucleic 
acids can then form the familiar double helix, in which base paired strands are orientated 
anti-parallel to each other. 
 
 
Figure 1.1. The chemical structures of the Watson–Crick base pairs as they appear in 
DNA and RNA (denoted d and r respectively). 
 
 
 There are several interactions that stabilize a nucleic acid double helix. First, 
there are hydrogen bonds (H-bonds) between the nitrogenous bases. These bases are 
either purines or pyrimidines. In Watson-Crick base pairs, the pyrimidines thymine and 
uracil form two H-bonds with the purine adenine, while the pyrimidine cytosine can form 
three H-bonds with the purine guanine (Figure 1.1). In retrospect, the work of Chargaff  
et al. first suggested that there must be a physical pairing between the pyrimidine and 
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purine bases, as their data revealed universal ratios between the composition of purine 
and pyrimidine bases for a wide range of organisms [17]. The combined efforts of 
Watson, Crick, Franklin, and Wilkins provided a model for the three dimensional 
structure of DNA based upon X-ray fiber diffraction data, which was the first proposal of 
the double helical structure [19,22,23]. Two decades later, the Watson–Crick model of 
the DNA double helix was confirmed [24] when the first high-resolution single-crystal X-
ray structure was determined for a DNA duplex [25]. 
In addition to base pairing, DNA and RNA duplexes are held together by inter- 
and intrastrand stacking interactions [21]. The hydrophobic base pairs stack in aqueous 
solution to exclude water (i.e., the hydrophobic effect). Additionally these interactions 
are stabilized by favorable π-π interactions. Lastly there are intimate water and metal ion 
contacts along the edges of the nucleic acid bases in the major and minor grooves that 
also participate in favorable electrostatic interactions with the negatively charged 
phosphate groups [26,27]. While all of these interactions are necessary for duplex 
formation, π-π interactions have been observed in silico to be critical to duplex formation 
[28].  
The DNA double helix is typically in the B-form (Figure 1.2) [21]. B-form helices 
have their base pairs stacked perpendicularly to the helical axis, with a helical rise of 3.4 
Å. Other structural features that characterize the B-form helix are the 36º helical twist and 
minimal displacement of the base pairs from the helical axis [21]. Additionally, the 
deoxyribose sugars in DNA are primarily in the C2′ endo sugar pucker conformation with 
an inter-phosphate distance of ca. 7 Å. The B-form helix has two distinct grooves (Figure 
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1.2). The larger of these two grooves is termed the major groove and the smaller is 
termed the minor groove. 
 
 
Figure 1.2. Sample B-form [29] and A-form DNA [30] structures. The sugar-phosphate 
backbone is shown in green while the base pairs are stacked up the center of the helices.  
 
 
RNA is composed of very similar constituent parts, but the helical structure is 
considerably different from DNA [21]. The main difference between DNA and RNA is at 
the nucleotide structure level. RNA has a ribose sugar whereas DNA has a 2′-deoxyribose 
sugar. This seemingly minor structural difference causes the RNA double helix to be in 
the A-form helical conformation (Figure 1.2). A-form helices are slightly more wound 
than B-form helices, tilting the bases beyond perpendicular from the helical axis, and 
decreasing the helical rise to ca. 3 Å [21]. Additionally, the base pairs are displaced from 
the center of the helical axis by ca. 4 Å, creating a hole down the center of the helix. 
Nucleic acids in the A-form tend to have C3′ endo sugar puckers [21]. While DNA is 
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typically thought of as being primarily in the B-form, it was shown by Franklin that, 
under conditions of dehydration, DNA can also be in the A-form (Figure 1.2) [22]. 
 
1.3. NUCLEIC ACID-LIGAND BINDING INTERACTIONS 
 Duplex nucleic acids can be thought of as having two distinct regions in which 
small molecules can bind. First, small molecules can bind to the hydrophobic core that is 
formed along the helical axis by stacked nucleic acid base pairs. Second, small molecules 
can bind to the major and minor grooves as they are hydrophilic crevices that are rich in 
sequence specific information. For example, in the major groove the base pairs present 
patterns of H-bond donors and acceptors which are then recognized by DNA-binding 
proteins [2]. Structural studies of small molecules bound to nucleic acids [31,32] 
demonstrate that generally the observed association constant can not be attributed to the 
interaction of a small molecule with solely one region of the nucleic acid duplex. Given 
the different substituents associated with the various nucleic acid-binding small 
molecules, often small molecules will interact with both the duplex hydrophobic core as 
well as the grooves [33].  
As mentioned above, the major and minor grooves of DNA and RNA are rich in 
H-bond donor and acceptor sites. Wartell and Wells first proposed that netropsin, a 
polyamide with H-bond donors and acceptors along its chain, binds to DNA in one of the 
grooves [34]. The base-specific interactions between netropsin and the minor groove of 
DNA inspired Dervan and coworkers to develop a series of polyamides that can be 
individually designed to bind to specific DNA sequences [35-37].  
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Small molecules that insert planar groups between the base pairs of nucleic acids 
are termed intercalators. The backbone of DNA and RNA is dynamic and flexible 
[38,39], which allows two adjacent base pairs to destack and make room for such a planar 
aromatic system to insert between the two base pairs (Figure 1.3) [40]. Lerman first 
proposed the intercalation binding mode when he observed that acridines associate with 
DNA in a mode perpendicular to the helical axis [41]. X-ray diffraction of DNA co-
crystallized with acridines confirmed that intercalators extend the DNA helix 3.4 Å 
enough to fit a new π-system between two base pairs [42].  
 
 
Figure 1.3. Cartoon representation of intercalation of a small molecule (red) into a native 




Many small molecule intercalators such as idarubicin [43] and actinomycin D 
[44] are used clinically. Thus, an in-depth understanding of the binding of these 
molecules to nucleic acids could facilitate the rational design of new pharmaceutical 
drugs. Furthermore, in spite of forty years of research there are still several features of 
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intercalation that are not yet not fully understood. For example, intercalators can bind at a 
maximum of one small molecule to every two base pairs [45]. This is known as the 
nearest-neighbor exclusion principle, but the underlying physical basis for this principle 
remains under debate [46-52].  
 
1.4. INTERCALATORS AND THE ORIGIN OF RNA POLYMERS 
As mentioned in Section 1.1, the assembly mechanism for the first RNA-like 
molecules is still an open question. In 2000, Hud and Anet proposed a solution to some of 
the problems associated with the abiotic formation of RNA-like polymers [53]. These 
authors proposed that a small molecule template (or ‘Molecular Midwife’) that is similar 
in size and shape to the Watson–Crick base pairs could have provided a hydrophobic 
surface for Watson–Crick base pair assembly in solution. Once the bases are assembled 
in an alternating stack of midwife molecules and base pairs, the backbone could assemble 
along the edges (Figure 1.4). This hypothesis is rooted in the fundamental forces that hold 
nucleic acids together, such as π-stacking and H-bonding between base pairs, rather than 
merely the chemical functionality of activated nucleotides. In addition, simple drying 
(e.g., pond evaporation in the sun) could have facilitated the assembly of the bases with 
midwives and the formation of the backbone, as many of the bonds formed in nucleic 
acids are formed through dehydration reactions (e.g., phosphodiester, glycosidic). 
Similarly, a cool evening dew could rehydrate the nucleic acids and dilute them beyond 




Figure 1.4. Summary of the molecular midwife hypothesis [53,54]. Intercalator-like 
small molecules (or ‘Molecular Midwives’) act as a hydrophobic template for the non-
covalent association of the nucleic acid base pairs (top). Backbone formation along the 
edges of the midwife-base pair stack is driven by dehydration (bottom). Rehydration then 
allows the release of the midwife, creating a native nucleic acid duplex. 
 
DNA-intercalating ligands, such as proflavine, represent reasonable 
approximations to the size, shape, and molecular properties of the molecular midwife 
molecules proposed by Hud and Anet. While the self-assembly of the free nucleic acid 
bases, as shown in Figure 1.4, has not yet been demonstrated, the group of intercalators 
studied to date are by no means exhaustive. The association of mononucleotide base pairs 
in aqueous solution, somewhat akin to the assembly proposed by Hud and Anet, was 
recently observed by Sawada et al. in the presence of a hydrophobic clathrate cage [55], 
albeit by anti-Hoogsteen base pairing [56]. During the past several years, the Hud 
laboratory has provided significant evidence of the utility of nucleic acid intercalation in 
the assembly of nucleic acid oligonucleotides. For example, Polak and Hud showed that 
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the addition of coralyne, a crescent shaped intercalator that binds specifically to triplex 
structures [57], disproportionates poly(dA)·poly(dT) duplexes into the triplex 
poly(dT)·poly(dA)·poly(dT) and a non-canonical poly(dA)·poly(dA) structure [58]. It was 
also observed that the oligonucleotides d(A16) and d(T16) follow the same trend in the 
presence of coralyne [59]. In addition, Persil et al. observed that d(A8), d(A16), and d(A32) 
assemble into anti-parallel non-covalent assemblies only observed in the presence of 
coralyne [60]. 
 In 2004 Jain et al. demonstrated that d(T3) with a 3′ phosphorothioate ligates to 
d(T4) with a 5′ iodo leaving group on a d(A16) template only in the presence of the 
intercalator proflavine [61]. At low micromolar concentrations the association of d(T3) 
and d(T4) on the d(A7) template is small without the free energy contribution from the 
bound intercalator even at 4°C. When the intercalator is present, a 1000-fold increase in 
ligation was observed because of the added duplex stability. Clearly, intercalation of 
nucleic acids could have been very useful in the assembly and formation of the first RNA 
polymers.  
 As stated above, the molecular midwife hypothesis takes advantage of many 
features that are common to nucleic acids as they are today. Forming the nucleic acid 
phosphodiester bond is no exception to this trend. However, phosphodiester bond 
formation requires a large energetic input. This means that in the template directed 
synthesis studies discussed above, the phosphate is typically chemically activated [14,61-
65]. An alternate backbone may be utilized in the origin of life that is thermodynamically 
driven rather than kinetically driven. Bean et al. showed that glyoxylic acid bridges the 5′ 
and 3′ hydroxyls of two nucleotides by an acetal linkage [66]. The bond formed using 
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glyoxylic acid is the same length as the phosphodiester linkage, has a negative charge, 
and is thermodynamically controlled. This example, as well as others, provides support 
for the hypothesis that before the RNA world there must have been a pre-RNA world, 
which used a different RNA-like backbone and perhaps even different base pairs [67-69].  
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CHAPTER 2 
THERMODYNAMICS OF LIGAND-2′,5′ RNA ASSOCIATION1 
 
2.1.      INTRODUCTION 
Small molecule intercalation of DNA and RNA has been the subject of 
biophysical and biochemical investigations for over forty years [41,70-72]. Despite these 
studies, and despite the recognized importance of nucleic acid intercalation in medicine 
and molecular biology, fundamental questions persist regarding the energetics of 
intercalation [38]. The dramatic unwinding and extending of DNA and RNA duplexes 
upon intercalation immediately suggests that the nucleic acid backbone should play a 
significant role in dictating the free energy of intercalation. However, the free energy 
contribution of the backbone is difficult to appreciate given the intertwined energetics 
associated with intercalation (e.g., hydrophobic base stacking and solvent effects) [38]. 
Furthermore, previous intercalation studies are almost exclusively limited to natural DNA 
and RNA, making it difficult to predict how changes in backbone structure will promote 
or hinder intercalation. The data presented here, which was also published in 2006 [73] 
includes binding studies of known intercalators to a duplex of 2′,5′-linked RNA, a nucleic 
acid that is arguably the closest chemical analog of standard RNA, but with distinct 
backbone atom connectivity (Figure 2.1). 
                                                 
 
 
1 The majority of the work in this chapter was published previously (Horowitz, E.D. and Hud, N.V. (2006) 
“Ethidium and proflavine binding to a 2′,5′-linked RNA duplex.” J. Am. Chem. Soc., 128” 15380-15381.)  
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Figure 2.1. Structures of 3′,5′ RNA, 3′,5′ DNA, and 2′,5′ RNA as well as the Watson–
Crick base pair intercalators proflavine and ethidium. 
  
Proflavine and ethidium (Figure 2.1) were chosen for this initial study of 2′,5′-
linked RNA binding because their respective interactions with natural DNA and RNA has 
been studied in detail. Additionally, proflavine intercalates in nucleic acids with limited 
contacts beyond base-intercalator stacking, whereas the pendant ring of ethidium 
protrudes into the minor groove making extensive van der Waals interactions in the 
minor groove[32,74]. 
 
2.2. EXPERIMENTAL PROCEDURES 
2.2.1. Materials 
3′,5′ DNA oligonucleotides were purchased from Integrated DNA Technologies 
(Coralville, IA) and were used as received. 3′,5′ RNA oligos were purchased from 
Dharmacon Inc. (Lafayette, CO) and were used as received. 2′,5′ RNA oligos were 
synthesized in house on an automated Expedite synthesizer using standard 
phosphoramidte chemistry and the corresponding 3′-TBDMS-protected 2′-
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phosphoramidites (ChemGenes). Following deprotection, oligonucleotides were 
separated by length on a 20% denaturing polyacrylamide gel. The band corresponding to 
the full length product was cut from the gel, extracted from the gel matrix by the crush-
and-soak method, loaded onto an anion exchange column, washed with 150 mM NaCl, 
and eluted with 2.5 M NaCl. The oligonucleotides were then ethanol precipitated, dried, 
resuspended in dH2O and passed over a 1 m Sephadex G-10 column. Combined fractions 
containing the purified product (sodium salt) were pooled, lyophilized, and resuspended 
in dH2O.  
Extinction coefficients for 3′,5′ RNA and 2′,5′ RNA oligonucleotides were 
determined by cleavage in 0.3 M NaOH [75] and comparison to nucleotide 
monophosphate extinction coefficients [76]. Extinction coefficient determination was 
reproducible with less than 8% variation. Extinction coefficients for DNA 
oligonucleotides were provided by the manufacturer. 
 
Table 2.1. Nucleic acid extinction coefficients 
Type Sequence ε260 (M-1 cm-1) 
3′,5′ RNA 5'-CCG GCC GCG CGC 67,200 ± 8% 
3′,5′ RNA 5'-GCG CGC GGC CGG 76,800 ± 6% 
2′,5′ RNA 5'-CCG GCC GCG CGC 63,200 ± 6% 
2′,5′ RNA 5'-GCG CGC GGC CGG 74,400 ± 6% 
3′,5′ DNA 5'-CCG GCC GCG CGC 98,700 
3′,5′ DNA 5'-GCG CGC GGC CGG 105,700 
 
Ethidium bromide (Fisher) and proflavine hemisulfate (Sigma) were used as 
received and dissolved in dH2O. Extinction coefficients used to determine stock solution 




2.2.2. Fluorescence Data Collection and Analysis 
All fluorescence measurements were performed on a Shimadzu RF-5301PC 
spectrofluorophotometer at 25ºC. Sample solution conditions: 1× BPE buffer (2 mM 
NaH2PO4, 6 mM Na2HPO4, 1 mM Na2EDTA) pH 7, 100 mM NaCl, unless stated 
otherwise. Titrations were carried out by making incremental additions of a nucleic acid 
stock solution to a larger volume solution containing 1 µM ethidium or proflavine. The 
stock nucleic acid solutions also contained the respective small molecule at 1 µM, in 
order to avoid dilution of the small molecule over the course of the titration. Ethidium 
was excited at 510 nm with a 5 nm excitation bandwidth and detected with a 5 nm 
emission bandwidth. Proflavine fluorescence was excited at 455 nm with a 1 nm 
excitation bandwidth and detected with a 3 nm emission bandwidth.  
Equilibrium constants were derived from fluorescence titration data as described 
previously by Qu and Chaires [77]. Briefly, integrated florescence intensity 
measurements were fit by the method of least squares using the equations: 
KCb2 – Cb(KS0 + KD0 + 1) + KS0D0 = 0 
F = F0(Ct – Cb) + FbCb 
where K is the association constant in (M-1), Cb is the concentration of bound ligand, S0 is 
the total binding site concentration, Ct is the total concentration of small molecule, D0 is 
the total ligand concentration, F is observed fluorescence at each titration point, F0 is 





2.2.3. Circular Dichroism and UV-vis Spectrophotometry 
UV-vis spectra were acquired on a Hewlett Packard 8453 diode array 
spectrophotometer equipped with an Agilent 89090A Peltier temperature controller. UV 
melting profiles were produced by monitoring absorbance at 260 nm while increasing the 
temperature at a rate of 1ºC min-1 from 5 to 95ºC. CD spectra were acquired on a JASCO 
J-810 CD spectropolarimeter at 25ºC. All CD spectra were baseline subtracted with a 
separately acquired buffer spectrum.  
 
2.3. RESULTS AND DISCUSSION 
2.3.1. Proflavine and Ethidium Association with 2′,5′ RNA, DNA, and RNA 
The changes in fluorescence intensities of proflavine and ethidium upon base pair 
intercalation, can be used to determine binding constants [77]. Fluorescence titration 
studies reveal that proflavine binds a 2′,5′ RNA duplex with an association constant of K 
= 3.9 × 105 M-1. This is more favorable than that exhibited by DNA and RNA duplexes of 
the same length and sequence (Figure 2.2) [73]. In contrast, ethidium binds the same 2′,5′ 
RNA duplex with K = 0.4 × 105 M-1, which is less favorable than that exhibited by DNA 
and RNA (Figure 2.2) [73]. K values measured for RNA under identical conditions reveal 
that changing the RNA backbone linkage from 3′,5′ to 2′,5′ results in a 25-fold increase in 
the K for proflavine binding, corresponding to a ∆∆G° of -2 kcal mol-1 at 25ºC. This is an 
appreciable increase, considering that the previously reported ∆G° for proflavine binding 
to polymer RNA has been reported as ca. -8 kcal mol-1 at 25ºC [78]. The same backbone 
change results in a 2-fold decrease in the K for ethidium binding, corresponding to a 
∆∆G° of +0.4 kcal mol-1 at 25ºC. 
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Figure 2.2. (A) Fluorescence intensity measurements for 1 µM solutions of proflavine in 
the presence of increasing concentrations of DNA, RNA and 2′,5′-linked RNA duplexes 
with the nucleotide sequence 5′-CCGGCCGCGCGC and its complement. (B) Same as 
panel A, except for 1 µM solutions of ethidium. K values were derived from the curve fits 
shown. Samples were 25°C, 100 mM NaCl, 1× BPE, pH 7 [73]. 
 
 
 It was shown previously that the association of intercalators with DNA and RNA 
are dependent on the salt concentration [38,51,79]. This effect has been attributed to the 
extending transition observed in intercalation. Separation of the negatively charged 
phosphates decreases the axial charge density in the vicinity of an intercalation site. It is 
because of this structural transition that counter-ions are released [79]. Therefore, an 
increase in salt concentration decreases the association constant of intercalators. In 
addition, many intercalators are positively charged at neutral pH. Positively charged 
ligands can also interact with the backbone phosphates, releasing counterions [33,38]. 
 Proflavine and ethidium association with 2′,5′ RNA responds very similarly to salt 
concentration as 3′,5′ DNA and RNA (Figure 2.3) [73]. Record and Manning’s theory 
[80,81] describes the association of positively charged ligands associating with 
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polyanionic molecules such as a large strand of DNA. Using this theory, the free energy 
contribution to the total association free energy can be calculated. Although the same 
approximations made by Record and Manning cannot be applied to short duplexes, the 
slopes of the lines in Figure 2.3 are similar to what is observed for monocationic 




Figure 2.3. A) Plots of the effect of increasing sodium concentration on the association 
of proflavine with 2′,5′ RNA, RNA, and DNA duplexes with the sequence 5′-
CCGGCCGCGCGC. Dashed lines represent best fit lines and error bars represent the 
standard deviation from three titrations. B) The same as panel A only for ethidium. 
Samples were 25°C, 1× BPE, pH 7, with the indicated salt concentration [73]. 
 
2.3.2. Proflavine- and Ethidium-Bound 2′,5′ RNA have Spectral Properties Similar 
to Natural Nucleic Acids 
The association of ligands such as ethidium and proflavine with DNA changes the 
ligand maximum absorbance wavelength in the visible spectrum. In general intercalators 
have a red shift in their visible absorbance band (479 nm and 444 nm for ethidium and 
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proflavine respectively) and a decrease in the intensity (hypochromism) [70,82,83]. 
These changes are caused by transfer of the ligand chromophore from the aqueous 
solvent into the relatively hydrophobic environment between the base pairs. This same 
trend is observed for the association of ethidium and proflavine with 2′,5′ RNA (Figure 
2.4). The 444 nm band of free proflavine exhibits a 22 nm red-shift and 8% 
hypochromism upon binding to 2′,5′ RNA; changes that are compatible to those exhibited 
by proflavine upon binding to DNA (15 nm, 17%) and RNA (13 nm, 18%) [73]. The 479 
nm band of ethidium exhibits a 15 nm red-shift upon binding to 2′,5′ RNA (compared to 
38 and 31 nm for DNA and RNA, respectively) and 17% hypochromism (compared to 
21% and 24% respectively) [73].  
The mixture of proflavine with 2′,5′ RNA produces an increase in the melting 
temperature as does ethidium (Figure 2.5). The similarities between the data presented for 
the three nucleic acid duplexes are suggestive of a similar binding mode. Ethidium 
binding increases the 2′,5′ RNA duplex melting temperature (TM) by 6°C, from a free 
duplex TM of 42°C (compared to 3°C and <1°C for DNA and RNA, respectively). On the 
other hand, proflavine binding increases the TM by 13°C (compared to 2°C and 1°C for 
DNA and RNA, respectively). Although the ∆TM observed for proflavine binding to 2′,5′ 
RNA is striking compared to the TM values observed for DNA and RNA, the free duplex 
TM for 2′,5′ RNA is lower than that of DNA (73°C) and RNA (86°C). Therefore, it is 
difficult to make a direct comparison of the ∆TM. 
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Figure 2.4. Visible absorbance spectra of solutions containing proflavine and ethidium 





Figure 2.5. Melting profiles for 2′,5′-linked RNA with and without proflavine and 
ethidium, respectively. Solutions were 40 µM nucleic acid in bp, 20 µM in small 
molecule (where applicable), 1× BPE, 100 mM NaCl, pH 7. All experiments used the 
same dodecanucleotide sequence 5′-(CCGGCCGCGCGC)-2′ and its complement. 
Melting profiles were generated from 260 nm absorbance and normalized to pre- and 
post-transition baselines [73]. 
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Circular dichroism is similar to UV-vis in that it is able to detect changes in the 
electronic properties of the nucleic acid bases. Whereas UV-vis detects changes in 
absorbance, CD detects changes in the rotation of circularly polarized light. CD spectra 
of nucleic acids appear as a series of positive and negative peaks centered about the 
nucleic acid UV absorbance at ca. 260 nm. Achiral ligands such as proflavine do not 
produce a CD spectrum. On the other hand, when bound to a chiral molecule such as 
DNA, proflavine produces a set of induced CD (ICD) bands in the UV region as well as 
the visible region of the spectrum [84]. Similar to natural DNA and RNA, 2′,5′ RNA 
produces a change in the UV region of the CD spectrum as well as an ICD band in the 
visible region when bound to proflavine (Figure 2.6) [73]. The visible ICD bands 
observed on the binding of proflavine to 2′,5′ RNA are very similar to that observed for 
DNA and RNA (albeit ca. 6-fold larger than the RNA ICD), implying a similar binding 
mode [73]. Ethidium produces very little change in the UV region of the CD spectrum 
and no change in the visible region for all three nucleic acid duplexes (Figure 2.7). This is 
not entirely surprising considering the 10-fold smaller molar extinction coefficient 





Figure 2.6. Circular Dichroism spectra for 2′,5′ RNA, 3′,5′ RNA, and 3′,5′ DNA of the 
sequence 5′-(CCGGCCGCGCGC)-3′ (or 2′) and its complement with and without 
proflavine. Concentrations were 80 µM in nucleic acid base pairs (bp) and 40 µM 






Figure 2.7. Circular Dichroism spectra for 2′,5′ RNA, 3′,5′ RNA, and 3′,5′ DNA of the 
sequence 5′-(CCGGCCGCGCGC)-3′ (or 2′) and its complement with and without 
ethidium. Concentrations were 40 µM in nucleic acid bp and 20 µM ethidium. Spectra 






2.3.3. The Association and Binding Stoichiometry of Proflavine with 2′,5′ RNA 
Intercalators have been shown to bind to DNA at a maximum ratio of one small 
molecule to two base pairs (nearest-neighbor exclusion [45]) (Figure 2.8). One method of 
determining binding stoichiometry is by using Job’s method of continuous variation [85]. 
In this method, the mole fraction of ligand and the mole fraction of nucleic acid are 
varied while maintaining a constant total number of moles (ligand + DNA) in the 
solution. An inflection point in the observed signal indicates the binding stoichiometry. 
For convenience of analysis, the number of moles of nucleic acid was defined in terms of 
nearest-neighbor binding sites (four bases or two base pairs). Therefore, the observation 
of an inflection point at R = 0.5 indicates a ratio consistent with the nearest-neighbor 
exclusion principle, where R = moles of proflavine / (moles of proflavine + moles of 
nucleic acid binding site).  
 The visible ICD band observed for the proflavine association with 2′,5′ RNA is 
ideal for a Job plot because of its relatively high intensity. Even at low R values a 
significant ICD band was observed. The Job plot in Figure 2.9 shows that there is an 
inflection point at ca. R = 0.5. Therefore, the stoichiometry of the association of 






Figure 2.8. Schematic of the nearest-neighbor exclusion principle. 
 
 
Figure 2.9. Job plot of the continuous fractionation of proflavine into the 2′,5′ 
dodecanucleotide 5′-(CCGGCCGCGCGC)-2′ and its complement. R = moles of 
proflavine / (moles of proflavine + moles of nucleic acid binding site). One nucleic acid 
binding site is defined as four bases or two base pairs. For example the point at R = 0.5 
contains 40 µM nucleic acid site and 40 µM proflavine. Buffer conditions and 
temperature were held constant at 1× BPE, 100 mM NaCl, pH 7 at 25°C [73]. 
 
 
 The curvature observed in the Job plot suggests the possibility of more than one 
binding mode. The curvature can be simulated using the equation, 
KDb2 – Db(1+KN) + (KND0-KD02) = 0 
Where K is the equilibrium association constant in M-1, Db is the concentration of bound 
ligand (or concentration of complex formed), and D0 is the total concentration of ligand. 
The above equation includes the Job plot requirement that the sum of the total 
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concentration of ligand and the total concentration of nucleic acid is equal to a constant 
concentration (N). 
Equilibrium analysis of the concentration of products reveals that at R = 0.5 the 
total concentration of proflavine does not always equal the concentration of bound 
proflavine. Graphically, this effect produces a curved Job plot depending on the 
equilibrium constant (Figure 2.10A). By this simulation, only a concentration of ca. 107 
or higher would produce a sharp intersection. Additionally, the stoichiometry of ligand-
nucleic acid interactions that have equilibrium constants less than ca. 104 can not be 
easily determined using this method. Using the experimentally determined K for the 
association of proflavine with 2′,5′ RNA (3.9 × 105 M-1) the curvature observed in the 
experimentally-determined Job plot is similar to the simulated Job plot with the same K 
(Figure 2.10B). Therefore, the association constant determined by fluorescence is 
consistent with that which is observed by Job plot analysis. 
 
 
Figure 2.10. Simulation of the curvature observed in Job plots. A) The amount of 
curvature is dependent on the ligand-nucleic acid association constant. B) Simulation of 
the amount of curvature expected for an association constant of 3.9 × 105 M-1 is 




The free energy difference measured for proflavine binding to 2′,5′ RNA versus 
natural 3′,5′ RNA could result from differences in the duplex structures before or after 
intercalation or other factors such as differences in hydration. For example, base stacking 
in a 2′,5′ RNA duplex has been suggested to be less favorable than in 3′,5′ RNA [86], 
which would make it easier for a 2′,5′ RNA duplex to create an intercalation site. 
However, an NMR structure of 2′,5′ RNA revealed an A-form helix similar to that of 3′,5′ 
RNA (albeit with a C2′ endo sugar pucker) [87], which suggests that the observed 
increase in K could reflect a difference in the final intercalated states. The observation 
that ethidium binds 2′,5′ RNA less favorably than standard RNA, while the opposite is 
true for proflavine, suggests that the pendant ring of ethidium may make less favorable 
contacts in the minor groove of a locally unwound 2′,5′ RNA duplex than when bound to 
DNA or RNA. Duplex-specific solvent effects could also contribute to this difference 
[88,89]. Clearly, explaining the origins of the observed differences in free energies of 
proflavine and ethidium binding, and verification of the binding mode, require additional 
investigations. Further thermodynamics are discussed in-depth in Chapter 3. 
Our study of ligand-2′,5′ RNA association was the first demonstration of known 
intercalators binding to a non-3′,5′-linked nucleic acid duplex [73]. Armitage and co-
workers have previously reported that hetero-duplexes formed by DNA and RNA with 
locked nucleic acids (LNA) bind intercalators [90]. However, LNAs possess the same 
backbone atom connectivity as natural DNA, but with an extra methylene intra-sugar 
linkage that “locks” sugar conformation. 
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These results demonstrate the pronounced role of RNA backbone structure in 
determining the thermodynamics of small molecule binding and also suggest that more 
significant changes that still maintain the general structure of RNA (e.g., pyranosyl-RNA 
[91]) could result in even greater binding affinities for intercalators. This ability to 
enhance small molecule binding by changes in backbone structure could be used to 
stabilize hybridization of antigene or antisense oligonucleotides [92] and to stabilize 
intercalator-dependent molecular assemblies [53,58-61,92]. 
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CHAPTER 3 
SOLUTION STRUCTURE AND THERMODYNAMICS OF 2′,5′ RNA 
INTERCALATION2 
 
3.1       INTRODUCTION 
A large number of planar, polycyclic heterocycles have been shown to intercalate 
between the base pairs of DNA and RNA helices [91], a mode of binding that can inhibit 
transcription [93], replication [94], and topoisomerase II activity in vivo [95]. 
Intercalation is one of the two most common modes of non-covalent drug-nucleic acid 
interaction, with the second mode being groove binding. Nevertheless, even after four 
decades of continuous study, our understanding of aspects of nucleic acid intercalation 
remains incomplete [41,72]. For example, the origin of the nearest-neighbor exclusion 
principle [45], which states that intercalators can bind at no higher stoichiometry than one 
ligand per two base pairs, remains unresolved [46,51,52,96]. Even specific structural 
details associated with nucleic acid intercalation remain controversial, including whether 
an alternating C3′ endo/C2′ endo sugar pucker along the nucleic acid backbone is a 
necessary condition for intercalation [32,46-50,74,97]. 
                                                 
 
 
2 The majority of the work in this chapter was published previously (Horowitz, E.D., Lilavivat, S., 
Holladay, B.W., Germann, M.W., and Hud, N.V. (2009) “Solution Structure and Thermodynamics of 2′,5′ 
RNA Intercalation” J. Am. Chem. Soc., DOI: 10.1021/ja810068e)  
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The energetics of intercalation are influenced by numerous elements of this 
coupled ligand-binding/structural transition (e.g., electrostatics, dispersive interactions, 
solvent release, base pair destacking, restriction of conformational entropy) [38]. One 
necessary and particularly dramatic feature of nucleic acid intercalation is the extending 
of the double helix at the site of intercalation. It is therefore surprising that, despite 
numerous physical studies of DNA and RNA intercalation, there is a dearth of data 
relating to how backbone structure contributes to the thermodynamics and structural 
transitions associated with intercalation. Intercalation of non-natural backbones could 
provide fundamental new insights regarding the intercalation of natural nucleic acids. 
Thus, with the goal of obtaining a deeper understanding of the fundamental principles of 
nucleic acid intercalation, we have initiated studies of intercalation of non-natural RNA 
duplexes. 
2′,5′ RNA is arguably the closest chemical analog of native 3′,5′ RNA. However, 
the thermal stability and dynamics of duplexes formed by these two structural isomers are 
markedly different [98-102]. Thus, we hypothesized duplex 2′,5′ RNA would likely 
respond differently to intercalation than natural RNA, and therefore represent an 
excellent first model system for experimentally probing the role of nucleic acid backbone 
structure in the thermodynamics and ligand specificity of nucleic acid intercalation. 
We previously demonstrated that a 2′,5′-linked RNA dodecanucleotide exhibits an 
association constant, K, with proflavine that is 25-fold higher than that of the 3′,5′-linked 
RNA duplex with the same nucleotide sequence (See Chapter 2) [73]. In contrast, the 
association constant of the 2′,5′ RNA duplex for ethidium is about half that observed for 
the 3′,5′ RNA duplex [73]. The structure of the intercalators ethidium and proflavine are 
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similar. Both are comprised of three fused six-membered rings, both are positively 
charged at neutral pH, and both have primary exocyclic amine functionalities on the long 
axis of their fused aromatic ring systems. A clear difference between these two 
intercalators is the presence of ethyl and phenyl pendant groups on ethidium, which are 
known to make van der Waals contacts with the minor groove of DNA [74]. The 
observed difference in the relative affinity of these two molecules for 2′,5′ RNA, 
compared to both natural DNA and RNA, confirmed our hypothesis that the 
thermodynamics of intercalation is partially determined by backbone structure, and also 
emphasized the significant role of the backbone in determining intercalator selectivity. 
Although proflavine and ethidium are two well-studied RNA and DNA 
intercalators [33,41,70], our initial evidence that these molecules bind duplex 2′,5′ RNA 
(i.e., CD, UV-vis, fluorescence spectroscopy) was not sufficient to conclude that binding 
occurs through intercalation. Proflavine, for instance, can also bind to the outside of 
duplex DNA, in addition to intercalative binding [33]. The NMR study presented in this 
chapter, which was also recently published [103], provides definitive proof that 
proflavine binds duplex 2′,5′ RNA through intercalation, and suggests that particular 
backbone structural features are general to nucleic acid intercalation. A more thorough 
thermodynamic comparison of 2′,5′ and 3′,5′ RNA intercalation also shows the generality 
of a previously observed enthalpy-entropy relationship for intercalative binding. The 
potential importance of these results to resolving the elusive origin of the nearest 




3.2. EXPERIMENTAL PROCEDURES 
3.2.1 Materials 
2′,5′ RNA was synthesized using standard phosphoramidite chemistry using the 
corresponding 3′-TBDMS-protected 2′-phosphoramidites (ChemGenes). Following 
deprotection, oligonucleotides were separated by length on a 20% denaturing 
polyacrylamide gel. The band corresponding to the full length product was cut from the 
gel, extracted from the gel matrix by the crush-and-soak method, loaded onto an anion 
exchange column, washed with 150 mM NaCl, and eluted with 2.5 M NaCl. The 
oligonucleotides were then ethanol precipitated, dried, resuspended in dH2O and passed 
over a 1 m Sephadex G-10 column. Combined fractions containing the purified product 
(sodium salt) were pooled, lyophilized, and resuspended in dH2O. 3′,5′ RNA oligos were 
purchased from Dharmacon Inc. and used without further purification. 
Extinction coefficients for RNA oligonucleotides were determined by strand 
hydrolysis in 0.3 M NaOH [75] and calculated using reported nucleotide monophosphate 
extinction coefficients [76]. Extinction coefficients (260 nm) determined for 2′,5′ RNA 
were: GCCGCGGC, 52,100 M-1 cm-1; CCCGCCGCGCCG, 55,000 M-1 cm-1; and 
CGGCGCGGCGGG, 71,600 M-1 cm-1. For 3′,5′ RNA: CCCGCCGCGCCG, 52,100 M-1 
cm-1 and CGGCGCGGCGGG, 71,100 M-1 cm-1. 
Ligand molecules, proflavine (Sigma-Aldrich), acridine orange (Sigma-Aldrich), 





3.2.2. NMR Spectroscopy 
For spectra with exchangeable proton resonances, NMR samples were 1 mM in 
2′,5′ RNA duplex, 100 mM NaCl, 30 mM phosphate, pH 6.5, 10% D2O (500 µL). Spectra 
were collected at 275 K on a Bruker DRX500 Avance using the 3-9-19 WATERGATE 
pulse sequence [104]. Imino protons were assigned by 2D NOESY at 282 K. NMR 
titrations were performed by dissolving dried aliquots of proflavine (20 nmoles each 
titration) with the NMR sample solution. 
For spectra collected in D2O, the final proflavine-titration sample was lyophilized 
and resuspended in 250 µL 100% D2O (Cambridge Isotope Laboratories). 2D NOESY, 
31P-decoupled-COSY, 31P-1H HETCOR and TOCSY spectra were collected on a Bruker 
600 Avance at 282 K. NOESY spectra were acquired with mixing times of 75, 150 and 
250 ms, which were confirmed to be within the linear range of the NOE peak intensity 
growth. NOE peaks were separated into ‘strong,’ ‘medium,’ and ‘weak’ and were 
assigned ranges 1.8 to 2.7 Å, 1.8 to 3.3 Å, and 1.8 to 5.0 Å, respectively.  
 
3.2.3. Structure Refinement 
Molecular dynamics (MD) simulations were performed using AMBER 8.0 [105], 
with RNA described by the parm94 force field with the parmbs0 [106] improvements. 
The 2′,5′ backbone was parameterized by exchanging the standard AMBER RNA charge 
and atom types for O3′ and H3′ with those of the respective O2′ and H2′. The General 
AMBER Force Field [107] was used to obtain proflavine parameters. The Jaguar 
software package (Schrodinger) was used to calculate atomic charges using DFT with a 
HF/6-31G** basis set at the B3LYP level [108]. 
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For the initial AMBER model, proflavine was manually docked into two 
intercalation sites that were introduced into an A-form 2′,5′ RNA duplex. Initial 
inspection of NOE constraints were consistent with proflavine being orientated in the 
same direction as had previously been observed in the 3′,5′ RNA, i.e., with amino groups 
pointed towards the major groove [32,47]. As a means to guard against modeling bias, an 
alternative model was also generated with proflavine rotated 180° with respect to the 
flanking base pairs (i.e., with exocyclic amines facing the minor groove). Over the course 
of the simulated annealing, the NOE constraints caused the proflavine to reverse its 
orientation, thereby supporting our initial orientation of intercalated proflavine.  
For annealing simulations, 4-10 ps of high temperature (ranging between 400 – 
4000 K) unrestrained MD was used to prepare 300 randomly-generated starting 
structures, followed by a two-stage structure calculation process. During the first 
refinement, the molecule was heated to 800 K in the first 5 ps, cooled to 100 K for the 
next 13 ps, and then cooled to 0 K for the last 2 ps. The temperature of the system was 
maintained with a varying time constant; 0.4 ps during heating, 4 ps during cooling to 
100 K, 1 ps for the final cooling stage, and then reduced from 0.1 to 0.05 for the last 
picosecond. The force constants for NOE constraints were increased from 3 to 30 kcal 
mol-1 Å-2 during the first 5 ps, and then maintained constant for the rest of the simulation. 
These force constants were applied in the form of a parabolic, flat-well energy term 
where r is the model distance or torsion angle and k is the respective force constant. 
Econstraint = k(r2 – r)2 r1 ≤ r < r2 
Econstraint = 0             r2 ≤ r ≤ r3 
Econstraint = k(r3 – r)2 r3 ≤ r < r4 
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The values for r1 and r4 represent upper and lower distance bounds, defining the 
linear energetic penalty before and after the flat-well energy term. Distance constraints 
between base pairs, set at half the constraint strength used for NOE-derived distance 
constraints, were applied to maintain H-bonding (as indicated by the observation of imino 
and amino proton resonances). Planarity torsion force constraints of 25 kcal mol-1 rad-2 
were applied to the proflavine molecules throughout the simulations. Planarity torsion 
force constraints of 200 kcal mol-1 rad-2, on N9 of purines and N1 of pyrimidines, were 
used to maintain the glycosidic bond in plane of the bases. Backbone torsion constraints, 
including ribose pseudorotation, α, and ζ torsion angles, were held with force constants 
of 1000 kcal mol-1 rad-2 based on 31P chemical shift analysis [109]. The backbone angles 
β (P(i-1)-O5′(i)-C5′(i)-C4′(i)), γ (O5′-C5′-C4′-C3′), and ε (C3′-C2′-O2′-P) were not 








The 30 lowest energy structures were each subjected to a second stage of 
restrained molecular dynamics using the Generalized Born implicit solvent model [110]. 
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The temperature profile, simulation length, constraint forces were identical to those of the 
first refinement procedure. Ten structures with the lowest energy and NOE violations 
were selected for the final ensemble and analyzed using VMD [111]. The helical 
parameters for the 10 lowest energy structures were analyzed using CURVES. 
 
3.2.4. Fluorescence Spectroscopy 
Fluorescence measurements were performed on a Shimadzu RF-5301PC 
spectrofluorophotometer at 298 K. Sample buffer was 1× BPE (8 mM sodium phosphate, 
1 mM Na2EDTA, pH 7) and 100 mM NaCl. Small volumes (e.g., 1 µL) of a concentrated 
stock of nucleic acid that also contained 1 µM ligand were added to a 200 µL 1 µM 
solution of ligand. Excitation wavelengths and excitation and emission bandwidths were: 
proflavine, 455 nm, 1.5 nm, 5 nm; acridine orange, 475 nm, 1.5 nm, 5 nm; ethdium, 510 
nm, 5 nm, 10 nm. Equilibrium constants were derived as described by Qu and Chaires 
[77]. All titrations were performed in triplicate. 
 
3.2.5. Isothermal Titration Calorimetry 
ITC measurements were performed using a Microcal VP-ITC at 298 K. For 
model-free determination of ligand binding enthalpy [112], each injection was 5 µL of 
125 µM ligand with the sample cell initially containing 1.4 ml of 250 µM nucleic acid 
(bp). As opposed to binding site-limited ITC, model-free ITC involves titration of ligand 
into a high concentration of binding sites. Each titration point produces a similar 
enthalpy, preventing the need for fitting to a model [112]. Final enthalpy values were 
determined by fitting a Gaussian curve to histograms of evolved heat per mole of ligand 
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(corrected for heat of dilution) from multiple injections. Sample buffer was 100 mM 
NaCl, 1× BPE, pH 7. 
 
3.3. RESULTS 
3.3.1. 1H-NMR Confirms Proflavine Intercalation of 2′,5′ RNA 
In reference to the imino protons in a self-complementary duplex, there is point of 
2-fold symmetry at the center of the duplex (in this case between G4 and C5). This gives 
rise to four potential imino proton peaks in the 1H-NMR spectrum (Figure 3.2). Solvent 
exchange as well as end-fraying effects can cause the end imino protons to disappear or 
appear as broad peaks [113]. Titration of the 2′,5′ RNA duplex [GCCGCGGC]2 with 
proflavine to a stoichiometry of two proflavine molecules per duplex was monitored by 
1H-NMR spectroscopy (Figure 3.3). Over the course of titration, the three original imino 
resonances disappeared, and four new imino resonances were observed at a 
proflavine:duplex concentration of 2:1. Additionally, an intermediate set of resonances 
was observed between these initial and final stages of the titration (Figure 3.3). The 
coexistence of these intermediate resonances with the initial and final resonances reveals 
that duplexes with different levels of proflavine loading are in slow exchange on the 
NMR time scale. 
While the 1H NMR spectrum of the ligand-free duplex contains only three imino 
resonances, more than four imino resonances are associated with the intermediate stages 
of the titration (most apparent for proflavine:duplex ratios of 0.5:1 and 1:1). This 
increased number of resonances is consistent with a break in the symmetry of the RNA 
duplex upon the binding of a single proflavine molecule. The symmetry of the proflavine-
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bound duplex is recovered at the last stage, where two proflavine molecules must be 
bound at two symmetry-related sites. 
The four imino protons in the final proflavine titration sample (2:1 
proflavine:duplex) were assigned by 2D 1H-NMR. These resonances are shifted upfield 
from the corresponding imino proton resonances of the unbound (proflavine-free) duplex. 
An upfield shift in imino proton resonance has been shown to correlate with binding by 
intercalation, rather than groove binding or outside stacking along the phosphate 
backbone [114,115]. 
 






Figure 3.3. 1H-NMR of the imino proton region during the titration of proflavine into a 
2′,5′ RNA duplex [GCCGCGGC]2 at 275 K. Duplex concentration was 1 mM, proflavine 
concentrations ranged from 0 to 2 mM, and are shown to the left of the spectra. Each 
proflavine addition was in increments of 0.04 equivalents. Proton assignments for the 
proflavine-free sample (bottom) are from Premraj et al. [87]. Proton assignments for the 
top spectrum are based upon 2D NOESY assignments. 
 
The appearance of a fourth imino proton resonance from the terminal base pairs 
illustrates that this proton is in slow exchange with the solvent. This reduced rate of 
exchange could be evidence of reduced fraying of the duplex ends from proflavine 
stabilization of the duplex [73] or increased end-to-end stacking of proflavine-bound 
duplexes, which would also protect the terminal imino protons from solvent exchange 
[116]. Evidence for end-to-end stacking for the proflavine-bound duplex was observed in 
the form of weak NOEs between G1 and C8. 
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3.3.2. The Solution Structure of Proflavine-Bound 2′,5′ RNA 
The aromatic-H1′ (Figure 3.4) region of a 2D 1H NOESY spectrum, with the 
intra- and inter-residue aromatic-H1′ NOE “walk-through,” [113] is shown in Figure 3.5 
for the 2′,5′ RNA duplex with bound proflavine. The G1H8-G1H1′ cross peak exhibits a 
greater intensity than other comparable NOEs (e.g., compared to G1H8–G1H2′). A 
similar observation has previously been reported for the 5′-terminal nucleotide of 2′,5′ 
RNA and 2′,5′ DNA duplexes, and has been attributed to the glycosidic bond being in the 
syn conformation [87,102,117,118]. In the crystal structures of 2′,5′-linked RNA 
dinucleotides the 5′-syn glycosydic bond is stabilized by an intra-residue N3-H-O5′ H-
bond [119]. 
Intercalation causes the local destacking of a base step such that the H1′ proton of 
the 5′-nucleotide and the aromatic proton of the 3′-nucleotide that flank the intercalation 
site are separated beyond the limit of the nuclear Overhauser effect (i.e., >6Å) [120,121]. 
Accordingly, the cross peaks that would correspond to the G4H8-C3H1′ and G6H8-
C5H1′ NOEs of a standard duplex are not observed (Figure 3.5). However, the NOE 
walk-through can be continued through a proflavine resonance assigned to the chemically 
equivalent H2 and H7 protons. These NOE cross peaks also confirm the binding site of 
proflavine to the two symmetry-related 5′-CpG-2′ dinucleotide steps (C3pG4 and 
C5pG6). Interestingly, the same preference for CpG steps, over CpC, GpC, and GpG, 
steps has long been appreciated for 3′,5′ DNA and RNA duplexes [32,47,74,97,122]. 
RNA (Table 3.1) and proflavine (Table 3.2) proton assignments were made based 
on 2D COSY, TOCSY, and NOESY. Twenty-five NOEs were observed between 
proflavine and the RNA duplex, which define the position of proflavine within the CpG 
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binding site (Figure 3.6). In the lowest energy structures, proflavine is aligned such that 
the exocyclic amines face the major groove, similar to the orientation of proflavine in the 
co-crystal with the 3′,5′ CpG dinucleotide [32,47,97].  
 
 
Figure 3.4. Schematic of the NOEs in a dinucleotide step in a 2′,5′ RNA oligonucleotide. 
Blue arrows represent the NOE peaks used for determining an NOE walkthrough like that 
shown in Figure 3.5. Atoms are numbered. 
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Figure 3.5. The aromatic-H1′ region of a 2D-NOESY of the 2′,5′ RNA duplex 
[GCCGCGGC]2 with bound proflavine. The aromatic-H1′ NOE walk-through along the 
duplex is shown. At the intercalation site, the proflavine resonance H2/H7 is used in lieu 
of the adjacent base. Arrows marked a through g indicate the proflavine-RNA NOE 
connectivity. RNA concentration was 2 mM in duplex and proflavine was 4 mM. The 
spectrum was acquired with a mixing time of 250 ms at 600 MHz in D2O, 282 K, 60 mM 
phosphate buffer pH 6.5, 200 mM NaCl. 
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Table 3.1. Intercalated 2′,5′ RNA 1H Assignments at 282 K (ppm) 
 H6/H8 H5 H1′ H2′ H3′ H4′ H5′/H5′′ imino 
G1 7.89 -- 5.89 4.98 4.42 4.15 3.70/2.75 11.87 
C2 7.44 5.67 5.72 4.15 4.16 3.49 3.91/3.85 -- 
C3 7.48 5.48 6.02 4.70 4.47 4.25 4.05 -- 
G4 7.45 -- 5.68 4.64 4.72 4.19 -- 11.30 
C5 7.09 4.70 5.88 4.48 4.45 4.30 4.11 -- 
G6 7.39 -- 5.71 4.70 4.18 4.16 -- 11.22 
G7 7.11 -- 5.73 4.48 4.36 4.27 4.14 12.72 
C8 7.20 5.20 5.56 3.90 3.85 3.99 4.08/3.87 -- 
 
 
Table 3.2. Intercalated Proflavine 1H Assignments at 282 K (ppm) 
H1/H8 H2/7 H4/H5 H9 
6.08 6.62 5.97 7.62 
 
 
Figure 3.6. A) Diagram illustrating the NOEs observed between proflavine and the CpG 
steps of the 2′,5′ RNA duplex. The IUPAC acridine numbering is shown around the 
proflavine ring. B) Diagram illustrating the 3D spatial arrangement of the NOEs shown in 
A (viewed from the major groove). Structure shown is the lowest energy NMR-derived 
structure. Colors are used for comparison between A and B. 
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31P-1H HETCOR heteronuclear spectroscopy was used to assign the seven 
phosphorous resonances of the 2′,5′ RNA duplex, with and without two molar equivalents 
of proflavine (Table 3.3). The two 31P resonances associated with the intercalation sites 
(C3pG4 and C5pG6) are shifted downfield from the unintercalated phosphorous 
resonances by ca. 1 ppm (Figure 3.7). This down-field shift is consistent with what has 
been previously observed for a BI to BII transition in the DNA backbone [123], and is 
also associated with intercalation of DNA [124]. The backbone torsion angles ζ and α, 
corresponding to C2′(i)-O2′(i)-P(i)-O5′(i+1) and O2′(i)-P(i)-O5′(i+1)-C5′(i+1) respectively, 
influence 31P chemical shift. Correlations have been observed between ζ and α angles 
and 31P chemical shift [125]. Based upon these previous correlations, the downfield shifts 
of the phosphorus resonances at the intercalation site correspond to ζ and α angles of 180 
± 60° (trans) and -60 ± 60° (-gauche), respectively, whereas the phosphorus nuclei at the 
unintercalated sites have chemical shifts that correspond to ζ and α angles of -60 ± 60° (-
gauche) and -60 ± 60° (-gauche). 
 
Table 3.3. Intercalated and Unintercalated 2′,5′ RNA 31P 
Assignments at 282 K (ppm) 




















Figure 3.7. 1H-decoupled 31P NMR spectra of the 2′,5′ RNA duplex (GCCGCGGC)2 at 
242.9 MHz. Spectra shown are of the unintercalated duplex (Top) and the intercalated 
duplex containing two proflavine molecules per duplex (Bottom). Spectra were collected 
at 282 K and processed with 6 Hz line broadening. 
 
Correlations and three-bond coupling constants between H1′ and H2′ resonances, 
observed using the phase-sensitive 31P-decoupled COSY experiment, were used to 
determine ribose sugar conformation (Table 3.4). The ribose coupling constants of 
residues G1, C3, and C5 are consistent with a South sugar pucker conformation (i.e., C2′ 
endo), those of G7 and C8 are consistent with a mixed state between South and North 
conformations. H1′-H2′ COSY cross peaks were not observed for residues C2, G4, and 
G6. An absence of H1′-H2′ cross peaks could be caused by small coupling constants, 
which in conjunction with broad line shapes decreases the intensity of the cross peak. 
Therefore a lack of a cross peak is indicative of a North conformation (i.e., C3′ endo) 
[126]. Thus, at the intercalated 5′-CpG-2′ steps, sugar conformations were South for the 
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5′ residues (i.e., C3 and C5) and North for the 2′ residues (i.e., G4 and G6). This 
arrangement of sugar puckers around the intercalation site is the converse of that 
commonly observed in 3′,5′ linked DNA and RNA duplexes, in which the sugar of the 5′ 
pyrimidine residue of an intercalation site is typically in a North conformation and the 
sugar of the 3′ purine residue is in the South conformation [127]. 
 
Table 3.4. Three bond coupling constants for 
the H1′-H2′ correlations 
 3J H1′-H2′ Sugar Pucker 
G1 7 Hz C2′ endo 
C2 < 1.5 Hz* C3′ endo 
C3 8 Hz C2′ endo 
G4 < 1.5 Hz* C3′ endo 
C5 6 Hz C2′ endo 
G6 < 1.5 Hz* C3′ endo 
G7 5 Hz C2′ endo/C3′ endo 
C8 5 Hz C2′ endo/C3′ endo 
* Values could not be determined 
experimentally; the upper limit of 1.5 Hz 
coupling is based on resonance line width and 
resolution of 2D spectra. 
 
 
The number of G1 to C2 and G7 to C8 inter-residue NOEs were about twice the 
number observed for the other nucleotide steps and, as mentioned above, mixed sugar 
pucker conformations were observed for G7 and C8. When all constraints for these two 
terminal nucleotide steps were applied during structure refinement, the terminal base C8 
appeared to be held rigidly and in an orientation that was atypical of a terminal duplex 
nucleotide base (e.g., overly propeller twisted and buckled). We hypothesized that the 
unusually large number of constraints, and two sugar conformations, were indicative of 
the terminal base pairs existing in two different conformations,  corresponding to the anti 
and syn glycosidic bonds of G1. In order to not distort the helix beyond the first base pair 
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by the simultaneous application of apparently incompatible constraints, the solution state 
structure was calculated using only the observed G1/C8-C2/G7 inter-nucleotide 
constraints that were consistent with the syn glycosidic bond of G1. Thus, in the final 
model, the structure of the terminal base pairs only represents one of two conformations 
that appear to coexist in equilibrium.  
The constraints shown in Table 3.5 were used with the AMBER suite of programs 
to refine a solution state model of the intercalated 2′,5′ RNA duplex. The ten lowest 
energy structures converged with an all atom RMSD of 0.80 Å (Figure 3.8). When these 
structures are aligned relative to the proflavine molecules, the base pairs surrounding the 
intercalation sites are very well defined (Figure 3.8). 
 
Table 3.5. Structural statistics for the 10 
lowest energy structures 
NOE-derived distance constraints 189 
Intra-nucleotide NOEs 119 
Inter-nucleotide NOEs 70 
Pseudorotation angle constraints 8 
Backbone torsion angle constraints 14 
H-bond constraints 40 
NOE violations > 1.0 Å 0 
NOE violations > 0.5 Å *4.4 
RMSD 0.80 Å 
The number of constraints shown represents 
the constraints from only one strand, 
excluding the H-bond constraints 
*The number of violations >0.5 Å were 
between 3 and 5, the average of the 10 





Figure 3.8. Superimposition of the ten lowest-energy NMR-derived structures for the 
2′,5′ RNA duplex [GCCGCGGC]2 with bound proflavine. The structures are 
superimposed with respect to the two proflavine molecules (shown in red). Structures are 
shown viewing across the minor groove (Left) and into the minor groove (Right). The 
lowest energy structure was submitted to the Brookhaven Protein Databank (PDB ID 
2KD4). 
 
This structure of a proflavine-intercalated 2′,5′ RNA duplex has a helical twist of 
only 22º at the CpG steps, while the base-steps flanking the intercalation sites have 
helical twists of 42, 49, and 42° (C2pC3, G4pC5, and G6pG7 respectively) (Figure 3.9). 
These helical twist values at unintercalated steps are consistent with those previously 
observed for the same (unintercalated) 2′,5′ RNA duplex [87]. The 2′,5′ RNA double 
helix therefore unwinds by an average of 22º at each intercalation site, which is 
somewhat larger than the unwinding angle observed for proflavine-bound 3′,5′ nucleic 
acids (i.e., ca. 17º) [50]. This difference could be the result of 3′,5′ RNA having a lower 
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unintercalated helical twist (33º) than 2′,5′ RNA [21], and that the twist of intercalated 
steps is similar for both forms of RNA.  
The helical rise of the base steps neighboring the intercalation sites is larger than 
that which was observed for the native duplex (ca. 3.8 Å vs. 2.5 Å [87]) (Figure 3.9). 
This observation arises from the unwound intercalation sites causing the neighboring 
base pairs to be perpendicular to the helical axis. Our NMR model shows that the native 
helical rise of 2.5 Å increases to 6.6 Å upon intercalation. The increased helical rise at the 
intercalated base steps is similar to that which is observed for 3′,5′ RNA upon 
intercalation (i.e., from ca. 2.9 Å to 6.8 Å) [21,41,47]. The negative slide values of the 
unintercalated base steps are consistent with an A-form helix, and are very similar to 
what was previously reported for unintercalated 2′,5′ RNA [87].  
 
 
Figure 3.9. Bar graphs of average helical parameters determined by CURVES for the 10 
lowest energy structures of the 2′,5′ RNA duplex (GCCGCGGC)2 with proflavine bound 
at the two CpG steps. Only the central five out of the seven base steps are shown. Error 




3.3.3. Backbone Conformational Analysis 
As mentioned above, a downfield change in 31P chemical shift had previously 
been correlated with a change in the backbone angle ζ from -60º (-gauche) to 180º (trans) 
while α remains constant at -60º (a BI to BII conformational transition), but for native 
3′,5′-linked RNA. To test if our observed changes in 31P chemical shift for 2′,5′ RNA 
were also indicative of a change in the ζ angle, the constraints that had been applied to 
the backbone angles were removed and the simulated annealing protocol was repeated. 
Analysis of the resulting ζ angle conformations revealed a very similar grouping of 
angles as that which resulted from structures refined with the 31P chemical shift-derived ζ 
angle constraints (i.e., –gauche/trans for unintercalated and intercalated phosphates 
respectively) (Figure 3.10). Thus, the distance constraints and sugar pucker constraints 
derived from the NMR data are consistent with the correlation between 31P ∆δ and ζ 
angle as determined previously for 3′,5′ DNA and RNA. Additionally, when torsional 
constraints opposite to those derived from 31P chemical shift changes were used 
(unintercalated phosphates with ζ angles of 180º and intercalated phosphates with ζ 
angles of -60º) the ζ angles after simulated annealing exhibit a peculiar distribution. First, 
a narrow distribution of angles is observed near the edge of the window of angles allowed 
by the applied constraints, implying that the most favorable conformation (as defined by 
the NMR constraints and the AMBER force-field) is beyond the defined ζ angle allowed 
rage (± 60º). Second, the resulting RMSD is higher between the lowest energy structures 
(1.41 Å). These observations strongly support the 31P chemical shift correlations derived 
for the ζ angles of 3′,5′ DNA and RNA as being applicable to defining the backbone of 
2′,5′ RNA [102]. 
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Figure 3.10. Zeta angles compiled from the 30 lowest energy structures after the second 
annealing refinement. Intercalated residue restraints correspond to ζ angles on the C3pG4 
and C5pG6 phosphates. Unintercalated residue restraints correspond to all other ζ angles. 
A) ζ angles defined by what has been previously observed for natural nucleic acids. B) ζ 
angles opposite of what was previously observed for natural nucleic acids. C) No ζ angle 
restraints. D) No ζ angle restraints and the opposite sugar pucker restraints with respect 
to what is observed on the NMR. 
 53
To test if sugar pucker and ζ phosphate angles are necessarily correlated at a site 
of intercalation in 2′,5′ RNA, a structure minimization was carried out with distance 
constraints held constant, but with the ζ angle constraints removed and sugar pucker 
constraints reversed (C3′ endo to C2′ endo, and visa versa). The resulting ζ angles did not 
converge to Gaussian distributions as they did when the experimentally-derived sugar 
pucker constraints were used. These structures also had a higher RMSD (0.99 Å) and 
more NOE violations greater than 2 Å as compared to no violations greater than 2 Å with 
the experimentally determined sugar pucker constraints (Table 3.5). This result supports 
the existence of a structural correlation between sugar pucker and ζ angle at the site of 
intercalation, implying that C2′ endo/C3′ endo sugar puckers and a trans (180º) ζ angle 
are also characteristic of an unwound 2′,5′ RNA helix at the site of intercalation. 
 
3.3.4. Thermodynamics of 2′,5′ RNA Intercalation 
Previously, we reported that the association constant of proflavine for duplex 2′,5′ 
RNA was 25-fold greater compared to duplex 3′,5′ RNA [73]. The fact that 2′,5′ RNA 
binds proflavine more favorably than 3′,5′ RNA, whereas ethidium was found to bind less 
favorably, indicated that one of these two forms of RNA does not simply bind all 
intercalators more favorably than the other. To better characterize this difference in 
binding thermodynamics, we have determined the enthalpy and entropy of proflavine, 
ethidium, and acridine orange binding to 2′,5′ RNA and 3′,5′ RNA (Figure 3.11). 
Using isothermal titration calorimetry (ITC) it was determined that proflavine 
binds 3′,5′ RNA with a ∆H° of –2.6 kcal mol-1, and 2′,5′ RNA with a ∆Η of –13.6 kcal 
mol-1, for a remarkable difference of -11.0 kcal mol-1 (Table 3.6). Given that the ∆G° of 
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proflavine binding to 2′,5′ RNA is -7.8 kcal mol-1 at 25°C, the entropy of binding, 
calculated as -T∆S° = ∆G° - ∆H°, is +5.8 kcal mol-1. In contrast, the ∆G° of proflavine 
binding to 3′,5′ RNA is -5.9 kcal mol-1 at 25°C, which implies that -T∆S° is -3.3 kcal 
mol-1 (Table 3.6). Thus, although the ∆G° of proflavine binding to the two forms of RNA 
differs by only ca. 2 kcal mol-1, proflavine binding to 3′,5′ RNA is entropically favored, 
whereas proflavine binding to 3′,5′ RNA is entropically not favored (Figure 3.11).  
Acridine orange, which is structurally very similar to proflavine, was also 
determined to have a favorable binding ∆H° of -8.7 kcal mol-1 and unfavorable -T∆S° of 
+2.3 kcal mol-1 for binding to 2′,5′ RNA. The difference in acridine orange binding to 
3′,5′ RNA follows that same trend as proflavine (i.e., more favorable enthalpy and less 
favorable entropy for 2′,5′ RNA) but the difference in these thermodynamic parameters is 
not as great as that observed for proflavine (Figure 3.11). In contrast to proflavine and 
acridine orange, the enthalpy and entropy of ethidium binding does not vary appreciably 
between the two RNA isomers. For these three intercalators, a plot of entropy versus 
enthalpy of binding, as described by Chaires for small molecule DNA ligands [128], 
reveals a trend in enthalpy-entropy compensation that appears to be universal for simple 
intercalators. While the source of this apparent enthalpy-entropy compensation for DNA 
binding is not revealed by such analysis, it nevertheless appears that this trend is likewise 




Figure 3.11. A) Distributions of enthalpy values determined by model-free ITC. 
Gaussian fits to the histograms are shown in red. Thermodynamic values for the binding 
of three known intercalators to 2′,5′ RNA and 3′,5′ RNA at 25°C. B) proflavine, C) 
acridine orange, and D) ethidium. Error bars represent standard deviations. Enthalpy 
values were determined by ITC. Free energy values were determined by both ITC and 




Table 3.6. Free energy (∆G°), enthalpy (∆H°) and entropy (-T∆S°) values for the 
intercalation of 2′,5′ RNA and 3′,5′ RNA 
 ∆G°2′,5′ ∆G°3′,5′ ∆H°2′,5′ ∆H°3′,5′ -Τ∆S°2′,5′ -T∆S°3′,5′ 
Proflavine -7.8 -5.9 -13.6 -2.6 +5.8 -3.3 
Acridine Orange -6.4 -5.3 -8.7 -3.4 +2.3 -1.9 
Ethidium -6.0 -6.4 -6.9 -7.6 +0.9 +1.2 
 
 
Figure 3.12. The linear relationship between enthalpy and entropy for intercalators 
binding to nucleic acids. The compilation of data reproduced from the work of Chaires 
[128] shows the linear relationship for intercalators binding to DNA. The overlyed line is 
a non-linear least squares fit of all of the data shown. The same trend is observed for 3′,5′ 
RNA as well as 2′,5′ RNA. 
 
3.3.5. CD Spectra of Intercalated 2′,5′ RNA 
We previously noted that the induced CD bands of proflavine (400-500 nm) 
observed upon binding to 2′,5′ RNA are of almost the same intensity as the nucleic acid 
bands observed between 225 and 300 nm [73], which is more intense than the induced 
bands typically observed upon intercalation in 3′,5′ RNA or in DNA. The induced CD 
bands of proflavine when bound to 2′,5′ RNA are also biphasic-a trend observed for 
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groove binding small molecules [84]. These observations gave reason to question 
whether the initial evidence of proflavine binding to 2′,5′ RNA was indeed indicative of 
intercalation. 
In Figure 3.13, CD spectra of the proflavine-bound 2′,5′ RNA octanucleotide used 
for the NMR experiments (spectrum taken of actual NMR sample), compared to spectra 
of the previously published 2′,5′ RNA dodecanucleotide with proflavine, as well as a 3′,5′ 
RNA dodecanucleotide with bound proflavine [73]. The 2′,5′ RNA octanucleotide used in 
the NMR studies reported above also gave rise to a biphasic induced proflavine band of 
similar intensity to the nucleic acid bands. Large biphasic ICD signals have been 
previously demonstrated to arise from ligands stacking along the outside of the helix [84]. 
The unpredictable size of the intercalated proflavine ICD band demonstrates that, while 
analysis of the size and shape of the CD spectra of a small molecule bound to DNA can 
suggest a particular binding mode, such interpretations are potentially misleading. As is 
shown here, small molecules bound to nucleic acids with different backbone linkages 
even as similar to native RNA as 2′,5′-linked RNA can produce spectra that are deceiving 






Figure 3.13. CD spectra of the 2′,5′ RNA dodecanucleotide duplex, 
(CCCGCCGCGCCG)·(CGGCGCGGCGGG) (dotted line, 6.67 µM duplex, 20 µM 
proflavine), the comparable 3′,5′ RNA dodecanucleotide (solid line, 6.67 µM duplex, 20 
µM proflavine), and the 2′,5′ RNA NMR sample duplex [GCCGCGGC]2 (bold solid line, 
2 mM duplex, 4 mM proflavine) at 282 K.  
 
3.4. DISCUSSION 
3.4.1. Structural Features of 2′,5′ RNA Intercalation 
For 3′,5′ RNA and DNA duplexes intercalation is most favored at Py-p-Pu steps 
[46]. This preference has been attributed to the relatively poor base stacking at Py-p-Pu 
steps [116,129,130], which makes base-destacking upon intercalation less unfavorable 
than at other steps. The structure reported here of proflavine-intercalated 2′,5′ RNA 
provides direct evidence that, for the sequence studied, Py-p-Pu steps are also preferred 
sites of intercalation. It has been suggested that all base stacking within a 2′,5′ RNA 
duplex is less favorable than that in a 3′,5′ RNA duplex [99,131]. It was therefore not 
obvious at the start of this investigation whether the CpG step would be the most favored 




3.4.2. Inter- and Intramolecular H-bonding in the Proflavine-2′,5′ RNA Complex 
The proflavine-2′,5′ RNA structure reported here revealed H-bonds between the 
amino groups of proflavine and phosphate oxygens (H-O distances of ca. 1.9 Å). These 
interactions likely contribute to the comparatively high association constant between 
proflavine and 2′,5′ RNA. In addition, H-bonds between the 3′-OH and phosphate oxygen 
atoms exist at every base step. This structural feature was also noted by Premraj et al. 
[87], and we have found that this intra-backbone H-bonding of a 2′,5′ RNA duplex is 
maintained even at intercalated steps.  
 
3.4.3. 2′,5′ RNA Intercalation Structural Requirements 
Voet proposed, based on the observations of Jain and Sobell [132,133] on 
ethidium-bound dinucleotide crystal structures, that the necessity of alternating sugar 
puckers in an intercalated duplex could provide an energetic barrier that restricts 
intercalation to one ligand binding between every-other base pair (i.e., the nearest-
neighbor exclusion principle) [46]. However, exceptions to this rule have been observed 
and attributed to variations in H-bonding between the intercalating molecule and the 
phosphate backbone [47,97]. Based upon computational studies, Kollman and coworkers 
noted that the alternating of C3′ endo/C2′ endo (North/South) sugar pucker conformations 
around an intercalation site is energetically more favorable, but ligand interactions with 
the phosphate backbone can also cause different sugar puckers to exist [49]. Although 
more recent calculations regarding the nearest-neighbor exclusion principle and 
intercalation energetics have been conducted with more current force-field parameters 
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[52,134,135], the energetics of alternating sugar puckers at intercalation sites has 
apparently not since been reinvestigated. 
The sugar puckers around a 2′,5′ RNA intercalation site were found here to 
alternate between South and North conformations for the pyrimidine and purine bases, 
respectively. This observation is exactly the opposite of the trends discussed above 
observed in natural RNA. At first glance this difference seems to be very large. However, 
Premraj et al. noted that, while (unintercalated) 2′,5′ RNA and 3′,5′ RNA helices have 
different sugar puckers (C2′ endo and C3′ endo, respectively), the two forms of RNA 
maintain a similar phosphate-phosphate distance of 5.9 Å. These authors termed this state 
of the RNA backbone the compact form [118,131]. The sugar pucker associated with the 
compact form is in contrast to the sugar pucker of the extended form pucker (C3′ endo for 
2′,5′ RNA and C2′ endo for 3′,5′ RNA), which places the phosphate-phosphate distance at 
7-7.5 Å [102,136]. Using this terminology, the sugar pucker geometries at the 
intercalation site in 2′,5′ RNA are compact/extended (Py/Pu) and therefore are actually 
the same, or at least analogous, to that which has been observed for 3′,5′ RNA, which is 
also compact/extended (Pyr/Pur) at an intercalation site. 
 When the opposite arrangement of sugar puckers are forced on the intercalation 
site, during structure refinement, the angle ζ is found to rotate into unfavorable 
conformations that are less well defined, thereby increasing the RMSD of the lowest 
energy structures and the number of NOE constraint violations. This observation 
indicates that the extended conformation of the purine nucleoside and the unwinding of 
the phosphate angle ζ allow for the formation of an intercalation site, therefore requiring 
these structural features for proflavine-2′,5′ RNA intercalation. In addition, intercalation 
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at the CpG steps is consistent with the recent observation that CpG steps prefer to be in 
the unwound BII conformation (trans ζ) in DNA [137]. The common observation of the 
compact/extended sugar pucker conformations, as well as the trans ζ angle conformation 
in intercalated 3′,5′ DNA and RNA, lends support to the proposal that these features are 
general structural requirements for intercalation of a nucleic acid with a phosphate-ribose 
backbone. Exceptions to this case may include intercalators that bind in perpendicular 
orientations to the base pairs, such as daunomycin, in which case there is significant base 
pair buckling and less duplex unwinding [96]. Additionally, the extensive non-stacking 
interactions of molecules like daunomycin to 3′,5′ nucleic acids may induce a 
homogeneous compact/compact sugar pucker conformation [47,97]. 
 
3.4.4. 2′,5′ RNA Intercalation Thermodynamics 
It was surprising to observe such a large difference between the thermodynamics 
of proflavine binding to 2′,5′ RNA versus 3′,5′ RNA, especially given that no appreciable 
difference was observed for ethidium binding. H-bonding by the exocyclic amines of 
proflavine to phosphate oxygens could be a source of significant binding enthalpy in the 
2′,5′ RNA complex. The positive charge of proflavine, often drawn only on the 
protonated N10 nitrogen, is likely delocalized such that partial positive charge resides on 
the exocyclic amines. The resulting charge-charge interactions between these amino 
groups and the anionic phosphate oxygens in the 2′,5′ RNA complex would provide a 
larger enthalpic contribution to binding than typical H-bonds (e.g., water-phosphate H-
bonds) [138]. Although proflavine has also been shown to form amine-phosphate oxygen 
H-bonds in complex with 3′,5′ RNA [47,97], the full enthalpy of these interactions may 
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not be evident in the net enthalpy of proflavine binding. Apparently in order for the 3′,5′ 
RNA backbone to participate in these H-bonds, it must maintain all North sugar puckers 
around the intercalation site, and not the more energetically favored alternating North-
South pattern of sugar puckers [49]. In contrast, the intercalation-favored South-North 
pattern of sugar puckers is compatible with the formation of these H-bonds in the 2′,5′ 
RNA-proflavine complex. The more favorable enthalpy of proflavine binding to 2′,5′ 
RNA may also reflect a greater difference in the enthalpy of stacking interactions of the 
intercalated and unintercalated states of 2′,5′ RNA, as compared to the two analogous 
states of 3′,5′ RNA. 
Ethidium presumably has an equivalent capability to form H-bonds with the 2′,5′ 
RNA backbone and to stack with the bases, but thermodynamic measurements reveal 
similar binding enthalpy of ethidium to both forms of RNA. It is possible that ethidium 
also participates in more favorable H-bonding and base stacking with 2′,5′ RNA than 3′,5′ 
RNA, but that these enthalpic gains are balanced by equally destabilizing interactions. 
For example, it was noted by Premraj et al. that the minor groove width of the 2′,5′ RNA 
helix is about 1 Å less than that of 3′,5′ RNA [131]. This structural difference could 
severely disrupt the minor groove packing interactions observed for the phenyl and ethyl 
of intercalated ethidium in the 3′,5′ RNA crystal structure [74]. 
 Acridine orange represented an opportunity to probe how the thermodynamics of 
binding would change if the H-bonds between proflavine and 2′,5′ RNA were disrupted. 
Consistent with this expectation, the favorable ∆H° of proflavine binding to 2′,5′ RNA 
decreases from -11.0 kcal mol-1 to -5.3 kcal mol-1 when the exocyclic amines are 
methylated. It should be noted however, that the binding free energy of acridine orange to 
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2′,5′ RNA might also be less favorable compared to proflavine because acridine orange 
has a self-association constant in water that is an order of magnitude higher than that of 
proflavine [139,140], although little difference is observed between the thermodynamics 
of proflavine and acridine orange binding to 3′,5′ RNA. 
 
3.5. CONCLUSIONS 
We have shown that proflavine binds in the same orientation with the same 
nucleotide step preference to 2′,5′ and 3′,5′ nucleic acids. However, when proflavine 
intercalates in 2′,5′ RNA there is a larger enthalpic gain (∆∆H° = -11 kcal mol-1) 
compared to intercalating in 3′,5′ RNA, which could be due to more favorable H-bonding 
(charge-charge) and increased net stacking interactions in 2′,5′ RNA. 
We have also identified several structural features that are common between 
intercalated 2′,5′ RNA and 3′,5′ RNA duplexes. These common features include 
unwinding angle, change in helical rise, and the compact/extended sugar pucker motif at 
the intercalation site. Our results suggest that two structural transitions are coupled in the 
creation of an intercalation site: ζ rotates from the –gauche conformation to the trans 
conformation and the purine at the 2′ end of the binding site changes from a South 
(compact) to a North (extended) conformation. The data presented here is thus consistent 
with the proposal of Kollman and coworkers that the observed alternating sugar pucker is 
the most energetically favorable conformation [49], even with RNA containing a 
different backbone connectivity. 
As the single example presented here illustrates, ligand binding to nucleic acids 
with an alternative backbone provides fresh insights regarding the structural requirements 
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for intercalation and the thermodynamics of ligand binding. Additional studies of ligand 
interactions with modified nucleic acids could further facilitate our understanding of the 
molecular recognition of natural nucleic acids. A more in-depth understanding of such 
interactions could also facilitate the development of molecular systems that allow 
protein-free template-directed synthesis [54,61] and intercalation-driven nanostructures 
[141] that utilize Watson–Crick base pairs as well as non-canonical base pairs [58-
60,142]. Finally, even determining the long-elusive origin of the nearest-neighbor 
exclusion principle appears obtainable through the use of modified nucleic acids. 
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CHAPTER 4 
INTERCALATION AS A SOLUTION TO THE STRAND 
CYCLIZATION PROBLEM IN A PRE-RNA WORLD 
 
4.1. INTRODUCTION 
Over the past twenty years, significant evidence has been presented in support of 
the ‘RNA world’ hypothesis, which proposes that RNA polymers predated coded proteins 
in early life [143,144]. Current support for this hypothesis includes the fact that 
contemporary life still uses RNA as both an informational polymer and in chemical 
catalysis [11]. The ability of RNA to catalyze reactions is exemplified by the 
identification of natural and artificial ribozymes that promote a wide variety of chemical 
reactions [145], as well as the fact that the catalytic core of the ribosome is comprised of 
RNA [11]. Despite the attractiveness of the RNA world as a hypothetical stage of early 
life, it is not clear how RNA (or a proto-RNA predecessor [66,68,146-149]) would have 
been initially synthesized without the aid of protein enzyme catalysis. 
Several distinct proposals have been presented for the abiotic origin of the first 
RNA-like polymers [53,64,149-153]. Perhaps the most notable is that of Ferris and 
coworkers, in which mineral surfaces are used to locally concentrate and promote the 
polymerization of ligation-activated mononucleotides, an approach that allows formation 
of single-stranded RNA strands up to around 50 nucleotides in length [154]. However, it 
is not clear how mineral surfaces would have selectively polymerized only those 
mononucleotides that can form Watson–Crick base pairs, from what would have likely 
been a complex mixture of closely-related molecules in the prebiotic chemical inventory 
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[54]. Earlier work by Orgel and coworkers had demonstrated that oligonucleotides (of 
rather restricted nucleotide sequence) can serve as templates for the polymerization of 
activated mononucleotides in solution, resulting in duplexes with Watson–Crick base 
pairs [155,156]. However, it still remains an open question regarding how the first gene-
length duplex polymers of RNA (or proto-RNA) would have assembled from 
mononucleotides or even short oligonucleotides without pre-existing templates. 
Oligonucleotide cyclization is a formidable problem that most proposals for the 
abiotic synthesis of RNA polymers must face. Specifically, short ligation-activated 
oligonucleotides (i.e., di- to octanucleotides) undergo efficient intramolecular ligation, 
which greatly limits polymer growth [54,157-159]. Chemists have long appreciated that 
the length of polymers formed by stepwise, kinetically-controlled coupling of monomers 
or oligonucleotides can be greatly limited by intramolecular chain termination (i.e., 
cyclization) [160]. When a nascent polymer becomes sufficiently long to sample 
conformations allowing intramolecular bond formation, polymer growth ceases. The 
length at which a growing polymer cyclizes depends largely on the rigidity of that 
polymer – often described as its persistence length. The persistence length of single 
stranded nucleic acids is around three nucleotides [161], whereas the persistence length 
of a duplex with Watson–Crick base pairs is on the order of 150 bp [162]. Nucleic acids 
must be at least ca. five residues in length to efficiently form duplexes, even at 
temperatures near the freezing point of water and moderately high oligonucleotide 
concentrations (10-4-10-3 M). Thus, given a pool of chemically activated di-, tri- and 
tetranucleotides, one would predict that such short oligonucleotides would cyclize 
efficiently. This prediction is borne out by experiment [157-159] including model 
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prebiotic reactions where activated mononucleotides are condensed on a mineral surface 
[64]. Furthermore, activated hexanucleotides in solution have been shown to primarily 
form cyclic products even if their sequences have the potential to form duplexes with 
only G·C base pairs [158]. Clearly, strand cyclization would have inhibited the prebiotic 
production of RNA-like polymers, unless a mechanism existed to increase the persistence 
length of oligonucleotides during polymerization. 
 We report that molecules which intercalate the base pairs of nucleic acid duplexes 
can circumvent the strand cyclization problem. Specifically, we demonstrate that certain 
intercalators (or ‘molecular midwives’ [53]) promote the coupling of activated 
tetranucleotides into long duplex polymers, while only short cyclic oligonucleotides are 
formed in the absence of an intercalator. We also show that intercalator-mediated 
polymer formation is ligand- and base pair-specific; size matching is required between 
the intercalator and the base pairs of a duplex. These data thereby lend support to the 
hypothesis that nucleic acid structure, including base pairing structure, may have 




4.2. EXPERIMENTAL PROCEDURES 
4.2.1. Materials 
Oligonucleotides were purchased from Oligos Etc. (Wilsonville, OR) and HPLC 
purified before use. Ethidium bromide (Fisher Scientific), proflavine hemisulfate 
(Sigma), and coralyne chloride (Sigma) were used as received. aza3 was synthesized as 
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previously reported [163]. N-cyanoimidzaole was purchased from Toronto Research 
Chemicals (North York, ON). 
 
4.2.2. Watson–Crick Chemical Ligations 
Ligation reactions were 200 µM in oligonucleotide strand, 10 mM 
triethylammonium MES (pH 6), 5 mM MnCl2. For reactions containing ethidium, the 
intercalator was added as indicated in figure legends. After 15 min equilibration at 4 °C, 
N-cyanoimidazole (from an H2O stock) was added to 250 mM. Ligation reactions were 
incubated up to 72 h at 4ºC. The reaction products were then ethanol precipitated and 
resuspended in PAGE loading buffer. Reactions products were separated using 
denaturing (7 M urea) PAGE (19% acrylamide monomer: 1% bis acrylamide) with TBE 
running buffer. These gels were then stained with SYBR Gold (Invitrogen). 
 
4.2.3. Homo-Adenine Chemical Ligations 
Ligation reactions were 500 µM in d(pA6), 10 mM triethylammonium MES (pH 
6), 5 mM MnCl2. Reactions with intercalators were 750 µM in intercalator. Ligation 
reactions were incubated up to 24 h at 4ºC. Reactions products were separated using 
denaturing (7 M urea) PAGE (19% acrylamide monomer: 1% bis acrylamide) with TBE 
running buffer. These gels were then stained with SYBR Gold (Invitrogen). 
 
4.2.4. HPLC Separation of Reaction Products 
Reactions were 200 µM in tetranucleotide, 5 mM MnCl2, 10 mM MES-TEA (pH 
6) and 600 µM ethidium (for the reaction containing the intercalator). N-cyanoimidazole 
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was added to 25 mM from a stock solution, and the reactions were held at 4 °C. At each 
time interval, a 10 µL aliquot was removed and diluted in 90 µL 22 mM EDTA to quench 
the reaction. Aliquots were then immediately injected onto an Agilent 1100 with a 4.6 
mm x 250 mm Phenomenex Luna C18 at ambient temperature. The gradient conditions 
were: Solvent A=100 mM triethylammonium acetate, pH 7. Solvent B=Acetonitrile. 0-12 
min, 7.5% B. 12-20 min, 7.5-20% B. 20-25 min, 20-70% B. 25-30 min, 70% B. 
 
4.2.5. 1H NMR of Tetranucleotide Assembly 
 The tetranucleotide d(pCGTA) at 200 µM in strand is dissolved in buffer 
containing 10 mM MES-TEA (pH 6) and 5 mM MgCl2 with 10% D2O. Ethidium titration 
was performed by adding dry ethidium to the solution to adjust the concentration from 0 
to 600 µM ethidium. Spectra were collected at 280 K on a Bruker DRX500 Avance using 
the 3-9-19 WATERGATE pulse sequence [104]. 
 
4.2.6. UV-vis Thermal Denaturation of Assemblies 
 UV-vis spectra were acquired on a Hewlett Packard 8453 diode array 
spectrophotometer equipped with an Agilent 89090A Peltier temperature controller. UV 
melting profiles were produced by monitoring absorbance at 260 nm while increasing the 
temperature at a rate of 1ºC min-1 from 5 to 95ºC. Samples were prepared with and 
without ethidium (600 µM) and contained 200 µM tetranucleotide, 10 mM MES-TEA 





4.3.1. Intercalators Prevent Strand Cyclization 
A number of molecules are known to intercalate nucleic acid duplexes, such as 
the fluorescent dye molecules commonly used to detect and visualize DNA [164]. We 
have previously demonstrated that the free energy associated with duplex intercalation 
can promote the protein enzyme-free ligation of oligonucleotides [54,61]. To determine if 
intercalation-mediated assembly can also circumvent the strand cyclization problem 
(Figure 4.1A), we investigated the chemical ligation of the tetranucleotide d(pCGTA) as 
a model system. The sequence of this oligonucleotide is such that multiple copies, if 
assembled into a duplex, are capable of forming long, regularly nicked Watson–Crick 
duplexes, with the 5′ and 3′ ends of the nick sites in close proximity for chemical ligation 
(Figure 4.1B). 
 
Figure 4.1. A) Schematic illustration of the strand cyclization problem (top route) and 
the proposed solution by intercalation (bottom route). In the absence of intercalators, the 
expected products of chemically-activated di-, tri- and tetra-nucleotides are cyclic 
oligonucleotides. In the presence of intercalators (shown as grey rectangle), the predicted 
products are long duplex polymers. B) The extended, regularly nicked duplex resulting 
from the assembly of multiple copies of the tetranucleotide d(pCGTA) upon intercalation. 
Triangles indicate sites of backbone nicks, which can be closed by condensation after 




Figure 4.2. A) Representative HPLC chromatographs of products formed by d(pCGTA) 
(200 µM) with activation by the condensing agent N-cyanoimidazole (25 mM, 125 eq.), 
and incubation at 4 °C for 24 h. The thick line is from a reaction carried out in the 
absence of ethidium, and the thin line is from a reaction containing ethidium (600 µM, 3 
eq.). Product labels are L4, linear tetranucleotide (starting material); C4, cyclic 
tetranucleotide; L8, linear octanucleotide; and C8, cyclic octanucleotide. B) Products 
formed by d(pCGTA) as a function of incubation time for the reaction described in A 
without an intercalator. C) Products formed by the same reaction shown in B, in the 
presence of the intercalator ethidium (600 µM, 3 eq). Reaction product yields were 
determined by separation using reverse-phase HPLC, integration of UV absorbance and 
normalization relative to d(pCGTA) starting material. 
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Phosphodiester bond formation is unfavorable without the aid of protein enzyme 
catalysis. Therefore previous demonstrations of non-enzymatic template directed 
synthesis have involved chemical activation of an oligonucleotide with a terminal 
phosphate. Cyanogen bromide, although effective, has a short lifetime in aqueous 
solution [63]. In contrast, the imidazole derivative N-cyanoimidazole is stable over the 
course of several days. N-cyanoimidazole activation produces an oligonucleotide with a 
corresponding phosphorimidazolide, which is a more reactive species than the native 
phosphate [63]. 
To test the ability of intercalators to promote oligonucleotide polymerization and 
prevent cyclization, d(pCGTA) was treated with the activating reagent N-
cyanoimidazole, in the absence and presence of ethidium, a well-characterized 
intercalator of Watson–Crick duplexes. The early products of the ligation reaction (cyclic 
tetranucleotide, linear octanucleotide and cyclic octanucleotide) were monitored by 
HPLC. Example chromatograms and plots derived from the analysis of such 
chromatograms for reactions allowed to incubate for various times are shown in Figure 
4.2. In the absence of ethidium, the major product is the cyclic tetranucleotide (Figure 
4.2B), as should be expected due to the very short persistence length of single-stranded 
oligonucleotides. Only trace linear octanucleotide was formed, and about one-fourth as 
much cyclic octanucleotide as cyclic tetranucleotide was formed. The lack of appreciable 
linear octanucleotide formation indicates that octanucleotide cyclization occurs rapidly, 
compared to tetranucleotide ligation. In contrast, in the presence of ethidium, linear 
octanucleotide formation is greatly favored over tetranucleotide cyclization (Figure 
4.2C). It was also observed that the rate of octanucleotide formation in the presence of 
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ethidium is slower than the tetranucleotide cyclization rate in the absence of intercalator. 
Thus, in addition to promoting linear product formation, ethidium inhibits strand 




4.3.2. Pre-ligation Assembly of Tetranucleotides 
 As stated previously by Hud and Anet [53], non-covalent assembly of nucleic 
acids is a necessary requirement for the formation of natural nucleic acids under prebiotic 
conditions. The tetranucleotide d(pCGTA) was heat denatured and monitored by UV-vis 
under the same conditions as the chemical ligation before the addition of N-
cyanoimidazole. In the absence of ethidium no cooperative melting transition is observed 
(Figure 4.3). On the other hand, the addition of ethidium stabilizes the assembly. The 
tetranucleotide-ethidium assembly has a TM = 30°C. Therefore at the chemical ligation 
reaction temperature of 4°C, the tetranucleotide is completely assembled into an 
intercalated duplex. 1H-NMR shows that titration of ethidium into a solution of 
tetranucleotide creates a non-covalent molecular complex that is on the intermediate 
exchange time scale. The exchange regime is determined by the line broadening observed 
between the no ethidium and 200 µM ethidium spectra shown in Figure 4.4. At an 
ethidium concentration of 200 µM the aromatic 1H-NMR signals have broadened line 
widths from ca. 5 Hz to 13 Hz and thereafter broaden into the baseline. The broad signals 
in the 600 µM ethidium (7.1 and 7.4 ppm) could be resonances coming from the excess 




Figure 4.3. The first derivative curves of the UV-vis thermal denaturation of the 
tetranucleotide d(pCGTA) (200 µM) with and without ethidium (600 µM). The 
complexes shown are non-covalent as no N-cyanoimidazole was added. Sample heating 




Figure 4.4. 1H-NMR titration of ethidium into a solution of tetranucleotide (200 µM) 
containing 10 mM MES-TEA (pH 6) buffer and 5 mM MgCl2. Magnesium is used rather 
than Manganese because of the paramagnetic properties of manganese. The complexes 
shown are non-covalent as no N-cyanoimidazole was added. The control sample with 
only ethidium and buffer is shown at the bottom. 
 
4.3.3. Intercalators Promote Polymer Formation 
Denaturing polyacrylamide gel electrophoresis (PAGE) and SYBR Gold staining 
was used to monitor the synthesis of longer ligation products in these reactions. The gel 
image shown in Figure 4.5 confirms that d(pCGTA) does not ligate appreciably in the 
absence of an intercalator. While the tetranucleotide starting material was not observable 
by SYBR Gold staining, the observation of small amounts of cyclic octanucleotide and 
cyclic dodecanucleotide is consistent with results obtained by HPLC. In contrast, when 
ethidium was added to the same reactions, polymers of up to 100 nucleotides in length 
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were observed (i.e., 24 linear couplings) (Figure 4.5). This analysis also illustrates that 
the ratio of linear to cyclic products increases with increasing ethidium concentrations for 
all polymer lengths (Figure 4.5). For example, no linear octanucleotide or linear 
dodecanucleotide is detected in the absence of ethidium (lane 1, Figure 4.5), while 
approximately equal amounts of linear and cyclic octanucleotide and dodecanucleotide 
products are observed when ethidium is present at a stochiometry of one ethidium per 
tetranucleotide (lane 2, Figure 4.5). For higher ethidium to tetranucleotide 
stochiometeries, the relative amounts of cyclic products are far lower than linear products 
of the same nucleotide length (lanes 3-5, Figure 4.5). 
The presence of ethidium does not prevent the formation of cyclic 
oligonucleotides altogether as evidenced by double bands in the lanes containing 
ethidium. Treatment of the chemical ligation reaction with Calf Intestine Alkaline 
Phosphatase (CIAP) removes the 5′ terminal phosphate on linear products whereas cyclic 
products remain unmodified. CIAP treatment of the tetranucleotide reaction containing 
600 µM ethidium shows a decrease in the mobility of one of the bands corresponding to 
eight nucleotides while the other band remains unchanged (Figure 4.5 inset). This data 
shows that one of the bands is linear and the other is cyclic.   
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Figure 4.5. The addition of ethidium to the tetranucleotide d(pCGTA) prevents 
cyclization and promotes oligonucleotide polymerization. Lane 1: 200 µM d(pCGTA), 
condensed with 250 mM N-cyanoimidazole at 4ºC for 72 h. As indicated by arrows, with 
no intercalator present, only small amounts of cyclic octanucleotide (C8) and cyclic 
dodecanucleotide (C12) are produced and almost no linear octanucleotide (L8) or linear 
dodecanucleotide (L12). Lanes 2-5 illustrate that increasing ethidium:substate 
stoichiometries promote linear polymerization far beyond that observed in lane 1, to ca. 
100 nucleotides in length. Ethidium concentrations for lanes 2-5 were 100 µM, 200 µM, 
400 µM and 600 µM, respectively. The tetranucleotide starting material and cyclic 
tetranucleotide products observed in HPLC analyses were not observed here, due to 
inefficient staining. Inset. Lane1: 200 µM d(pCGTA), condensed with N-cyanoimidazole 
in the presence of 600 µM ethidium at 4ºC. Lane 2: Same as Lane 1 only after treatment 
with CIAP. Linear octanucleotide is labeled with and without a phosphate (L8 without P). 
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4.3.4. Ethidium-Mediated Ligation  is Dependent on Watson–Crick Base Pairing 
The tetranucleotide d(pCGTA) can form regularly nicked duplexes with Watson–
Crick base pairs. In order to demonstrate that Watson–Crick base pairing is required for 
ethidium-mediated ligation (and ligation is not merely promoted by non-specific 
electrostatic or hydrophobic interactions), two other oligonucleotides, d(pCCTA) and 
d(pGGTA), were studied under the same ligation conditions as those used in the 
experiments presented above. Individually, neither of these two tetranucleotides is able to 
form a nicked duplex polymer with complete Watson–Crick base pairing, whereas a 
d(pCCTA)/d(pGGTA) mixture can form a fully-paired and regularly nicked duplex. 
PAGE analysis confirmed that, following condensation activation by N-cyanoimidazole, 
neither tetranucleotide alone forms appreciable ligation products in the absence or 
presence of ethidium (Figure 4.6). In contrast, efficient polymerization occurs when the 
mixture of the two tetranucleotides is activated in the presence of ethidium (Figure 4.6), 




Figure 4.6. Condensation reactions demonstrating that ethidium-mediated 
oligonucleotide polymerization requires Watson–Crick base pairs. Lanes 1 and 2: 
d(pCCTA) (200 µM) with and without ethidium (600 µM), respectively. Lanes 3 and 4: 
d(pGGTA) (200 µM) with and without ethidium (600 µM), respectively. Lanes 5 and 6: 
d(pCCTA)/d(pGGTA) mixture (100 µM each) with and without ethidium (600 µM), 
respectively. All reactions were carried out at 4ºC for 72 h with 250 mM N-
cyanoimidazole. The efficient ligation demonstrated in Lane 6 was only observed with 
the combination of fully complementary oligonucleotides in the presence of ethidium. 
The bands observed in Lanes 3 and 4 apparently result from the coupling of 
oligonucleotides paired by non-Watson–Crick base pairs (e.g., G·G mismatches), as these 
side products are not enhanced by the addition of ethidium. 
 
 
4.3.5. Base Pair Recognition is Important (but not sufficient) for Intercalator-
Mediated Ligation 
Our investigations of a variety of planar molecules as potential midwife 
molecules provide support for our proposal that recognition of a particular base pairing 
motif is a necessary criterion for intercalator-mediated ligation. Tetranucleotide 
condensation experiments with coralyne illustrate this point. Coralyne is a planar 
molecule that is somewhat larger than ethidium (Figure 4.7), but also has a single positive 
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charge. Coralyne binds to Watson–Crick DNA with an association constant that is within 
ca. a factor of two of the association constant of ethidium for Watson–Crick DNA [57]. 
Nevertheless, condensation experiments demonstrate that coralyne does promote 
polymerization of the tetranucleotide d(pCGTA) (Figure 4.7). Base pair recognition alone 
by an intercalator is, however, not sufficient for achieving intercalation-mediated 
polymerization. For example, proflavine (an intercalator that binds duplex DNA with 
similar affinity to ethidium) does not promote ligation in our Watson–Crick pairing 











Figure 4.7. Base pair recognition by a given intercalator is an important, but not 
exclusive, criterion for achieving intercalation mediated ligation. A) PAGE analysis of 
products from the condensation of d(pCGTA) (200 µM) in the absence and the presence 
of various small molecules (600 µM). Ethidium promotes the ligation of d(pCGTA) into 
long polymers (lane 2). In contrast, proflavine, another Watson–Crick intercalator does 
not promote the ligation of d(pCGTA). Neither coralyne (lane 4) or aza3 (lane 5), two 
intercalators that stabilize A·A base pairs, promotes d(pCGTA) ligation beyond that 
observed in the absence of an intercalator (lane 1). B) PAGE analysis of products formed 
by the condensation of d(pA6) (500 µM) in the absence and the presence of the same 
small molecules (750 µM) as A. Neither Watson–Crick intercalator promotes the ligation 
of d(pA6) (lanes 2 and 3) beyond that observed in the absence of intercalator (lane 1). In 
contrast aza3 promotes the ligation of d(pA6) (lane 5). Although coralyne also stabilizes 
A·A base pairs it does not promote the ligation of d(pA6) (lane 4). The N1-N7 base pair 
shown for homo-adenine duplexes has been shown to be consistent with molecular 
modeling and chemical probing studies (Joung, et al., submitted). For more experimental 
details see Materials and Methods. 
 
4.3.6. Intercalation-Mediated Ligation with non-Watson–Crick Base Pairs 
Intercalator-mediated polymerization should be possible with a variety of base 
pairing structures. As one example, we have previously demonstrated that an intercalator 
which binds pyrimidine triplexes (i.e., triple helical nucleic acids formed by a Watson–
Crick duplex and a third homo-pyrimidine strand) can be used to promote the ligation of 
the third strand on a Watson–Crick template [54]. In principle, it should also be possible 
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drive the polymerization of oligonucleotides that are held together with non-Watson–
Crick base pairs that are unstable in the absence of ligand binding, given an intercalator 
that stabilizes the alternative base pairs. Our discovery that the crescent-shaped molecule 
coralyne and aza3 (Figure 4.7) stabilize duplex nucleic acids with A·A base pairs 
[59,60,142] provided a means to test this proposal. In this set of experiments, the 
hexanucleotide d(pA6) was used as the starting oligonucleotide, rather than a 
tetranucleotide, as the aza3-stabilized A·A duplex is less stable than an ethidium-
stabilized Watson–Crick duplex. PAGE analysis demonstrates that aza3 efficiently 
promotes the ligation of d(pA6) upon activation with N-cyanoimidazole. In contrast, 
ethidium, shown above to promote ligation of oligonucleotides that form Watson–Crick 
base pairs, does not promote ligation of d(pA6) (Figure 4.7). Similarly, aza3, which has 
low affinity for duplexes with Watson–Crick base pairs [165], does not promote the 
ligation of d(pCGTA) (Figure 4.7). We note that although coralyne also stabilizes 
duplexes with A·A base pairs, coralyne does not show evidence of promoting d(pA6) 
ligation. Together, these data emphasize the requirement of recognition between an 
intercalator and a particular base pair for promoting intercalation-mediated 
polymerization, and again illustrate that base pair recognition alone is not sufficient for 
promoting intercalation-mediated polymerization. 
 
4.4. DISCUSSION 
 It has long been postulated that protein enzyme-free synthesis and template-
directed replication of nucleic acid polymers (or their predecessors) was an early and 
critical step in the origin of life [166-169]. Polymer cyclization is an inherent obstacle to 
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the growth of polymers from bifunctional mononucleotides and oligonucleotides, and it is 
one that would have potentially thwarted the abiotic synthesis of the first RNA-like 
polymers, unless a mechanism existed by which mononucleotides and short 
oligonucleotides were organized prior to chemical ligation. Previous examples of non-
enzymatic template-directed polymerization have required relatively high concentrations 
of substrates [159] or chemical protection of one end, in the case of oligonucleotide 
ligation, in order to prevent strand cyclization [167]. The experiments presented here 
demonstrate that strand cyclization can be circumvented by molecules that intercalate the 
base pairs of nucleic acid duplexes. It is possible that the abiotic reactions which 
originally gave rise to the nucleotide bases would have also produced a wider variety of 
appropriately sized heterocycles (e.g., flavins [170]), that might have functioned as 
molecular midwives for the assembly of the first RNA-like polymers. Furthermore, 
intercalation provides additional free energy to duplex stability, allowing ligation 
reactions to occur at concentrations that are orders of magnitude lower than those which 
have been previously utilized in model prebiotic systems. 
In the present study, we have presented results from experiments involving the 
ligation of DNA oligonucleotides, which provide a convenient and robust model system 
for exploring intercalation-mediated polymerization. These results are, nevertheless, also 
directly relevant to theories regarding the non-enzymatic polymerization of RNA, as 
similar experiments with RNA oligonucleotides also show enhanced ligation in the 
presence of ethidium, albeit to a lesser extent than DNA (data not shown). The 
diminished enhancement of RNA ligation may be due to the fact that the intercalators 
discussed in the present work bind RNA with a lower affinity as compared to DNA. 
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Additionally, the product bands observed upon PAGE analysis of RNA ligation reactions 
were more diffuse, possibly because RNA can form both 3′,5′ and 2′,5′ linkages, whereas 
DNA cannot form the 2′,5′ linkage. This lack of regioselectivity in chemical ligations of 
RNA has been noted previously [64]. 
The chemical ligation studies presented here have revealed the sensitivity of our 
model ligation system to the structure of the intercalator used to promote assembly. In 
particular, proflavine did not show activity in promoting ligation, even though proflavine 
and ethidium have similar association constants for duplex DNA. Interestingly, in a 
previous study of a ligation system using a different activation chemistry, we found that 
proflavine, but not ethidium, promotes oligonucleotide ligation [61]. Thus, the efficiency 
of an intercalator for promoting a given ligation reaction appears not to be fully expressed 
by its association constant for a nucleic acid assembly. In retrospect, this observation is 
not surprising; covalent bond formation requires an accessible reactant conformer with 
the appropriate geometry, and individual intercalators make structure-specific helix 
contacts, which would be expected to modify the conformational landscape of the 
polymer backbone in an intercalator-specific manner. This feature could prove useful for 
selecting specific backbone linkages in intercalation-mediated reactions. 
Here, we have used tetranucleotides as a model system to illustrate the enzyme-
free production of polymers from short oligonucleotides. With regards to a more 
complete model for the origin of RNA-like polymers, it is certainly desirable to 
demonstrate that polymerization can be achieved with even shorter oligonucleotides and, 
ultimately, mononucleotides. Thus far, our attempts to use ethidium to drive the 
polymerization of mononucleotides and dinucleotides in the absence of a pre-existing 
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template strand have proven unsuccessful. In the case of dinucleotides, we surmise that 
the nearest neighbor exclusion principle [45], which states that intercalators can bind at 
most between every other base pair, is potentially inhibiting the coupling of 
dinucleotides, as stacked dinucleotides that are assembled by intercalators tend to have 
intercalators bound in between each dinucleotide [32], an arrangement that could block 
backbone coupling between dinucleotides. To find a possible means to circumvent this 
problem, we have initiated studies of intercalation of nucleic acids with alternative 
backbone linkages [73,103]. Given the wide variety of RNA-like polymers with sugars 
other than ribose that also form duplexes [68,171,172]; it seems possible that the 
backbone of the first informational polymers may not have utilized a ribose sugar. This 
original pre-RNA backbone might have allowed intercalation between every base pair. 
With regards to mononucleotide polymerization, it appears that the poor stacking of the 
pyrimidine nucleotides precludes assembly of mononucleotides by intercalating 
molecular midwives. The poor stacking of pyrimidine bases has prompted our laboratory, 
and several others [173-175], to reconsider the proposal that the first RNA-like polymers 
used purine-purine base pairs [176]. Our demonstration in the present work that 
intercalators can promote the polymerization of homo-adenine oligonucleotides 
represents an early step towards the realization of intercalation-mediated mononucleotide 
polymerization in a homo-purine system. 
The experimental observation of broad bands in the ligation of d(pCCTA) and 
d(pGGTA) illustrates the point that the intercalation mediated-assembly of non-identical 
tetranucleotides may result in the creation of quasi-random sequence information (new 
base sequences which did not originate in the initial solution), albeit much less 
 86
information than is possible if all nucleotide positions are allowed to vary. In a pool of 
random oligonucleotides, each tetranucleotide would have its complement present at a 
ratio of 1 complement per 256 sequences. In contrast, sequences with two-base overhangs 
would be present at a ratio of 1 per 16 sequences. Investigations in the Hud lab are 
currently directed towards demonstrating that, a random pool of tetranucleotides has a 
high probability of forming nicked duplexes. Stabilization of such random, continuously-
nicked duplexes with intercalators would provide a convenient route to nucleic acid 
polymers with sequence diversities that increase exponentially with length.  
Recently, Szostak and coworkers demonstrated the non-enzymatic template-
directed synthesis of RNA inside model protocells [177]. These model protocells 
exhibited high permeability for small, minimally charged species. Therefore, molecules 
similar to the intercalator midwives discussed in the present work, which contain only a 
single positive charge, could have permeated protocells along with nucleotides, before 
the advent of protein enzymes, and assisted in the assembly of encapsulated nucleic acid 
polymers. 
Finally, it was recently proposed that the tendency for Watson–Crick DNA 
duplexes to form liquid crystals could reflect the process by which prebiotic nucleic acids 
were organized (and partitioned) prior to polymerization [178]. The experimental results 
presented here demonstrate that base pair intercalators can promote the assembly of 
oligonucleotides that are shorter and at concentrations far lower than those required for 
liquid crystal formation. Additionally, the selectivity of a given intercalator for a specific 
base pair (e.g., Watson–Crick base pairs) suggests a mechanism by which the earliest 
base pairings of life might have been selected. 
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4.5. CONCLUSION 
 Polymer cyclization is a difficulty inherent to the growth of polymers from 
bifunctional monomers and oligonucleotides, and is one that would have potentially 
thwarted the abiotic synthesis of the first RNA-like polymers unless a mechanism existed 
by which short oligonucleotides were organized prior to chemical ligation. The 
experimental results presented here demonstrate that small, heterocyclic ligands that 
intercalate Watson–Crick base pairs, which could have been created by the same 
chemistry that produced the nucleotide bases [179,180], can promote the assembly of 
oligonucleotides that are shorter and at concentrations orders of magnitude lower than 
those required for liquid crystal formation. Additionally, the selectivity of a given 
intercalator for a specific base step size (e.g., duplexes with Watson–Crick base pairs) 
[142] suggests a mechanism by which the first base pair structures might have been 
selected. Furthermore, using the d(pCCTA)·d(pGGTA) system we have created a semi-
random pool of oligonucleotides of which deoxyribozymes could be selected from.  
The observation that an ethidium concentration that is higher than what is 
expected for nearest-neighbor loading and the observation of some cyclic products even 
in the presence of ethidium suggests an intercalator with a higher affinity could therefore 
prevent cyclization further and also create longer polymers. It would also be required for 
this intercalator to be able to place the 3′ OH and the activated 5′ phosphate into a 
ligation-accessible state. The Hud laboratory is in constant pursuit of ‘simple’ 
intercalators which would bind Watson–Crick base pairs with high affinity.  
Although the need for tighter-binding intercalators as well as the requirement for 
structural activity in the ligation complex appears to be a major drawback, consideration 
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must be placed to the idea of non-natural nucleic acids as well as different forms of 
ligation chemistry such as backbone linkages that are thermodynamically driven [66]. 
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CHAPTER 5 
FUTURE DIRECTIONS AND CONCLUDING REMARKS 
 
5.1. FUTURE DIRECTIONS 
5.1.1. Intercalator-Mediated Stabilization of Hybrid Duplexes 
In some presentations of the RNA world hypothesis it is suggested that the 
precursors of RNA, e.g., bases, ribose and phosphate, were formed spontaneously on the 
prebiotic Earth, before the emergence of what might be considered a metabolism. For a 
number of reasons, it is difficult to accept that a pool of precursors, much less a reservoir 
of chiral pure nucleotides, existed as a mixture of only those precursors capable of 
forming RNA. For example, the formose reaction has been cited as possible source of 
prebiotic sugars [181,182]. However, ribose is only a minor product amongst the large 
variety sugars produced by this reaction. Thus, without a clear mechanism by which 
ribose would have been selected out of a pool of diverse sugars, it is considered by some 
researches more plausible that nucleic acids were originally formed with a different sugar 






Figure 5.1. Schematic of the nucleic acid analogs pyranosyl RNA (p-RNA), threose 
nucleic acid (TNA), glycerol nucleic acid (GNA), and flexible nucleic acid (FNA). 
 
  The Eschenmoser laboratory has demonstrated that a number of nucleic acids 
with bases other than ribose are able to form stable duplexes, as well as cross-pair with 
RNA (i.e., form hetero-duplexes) [68]. The ability for cross-pairing between nucleic 
acids with different sugars has been considered by several origin of life researchers to be 
a strict test for the feasibility for the transfer of genetic information from a pre-RNA 
world to the RNA world [183]. It was shown by Eschenmoser and coworkers that the 
family of pentopyranosyl nucleic acids (Figure 5.1) linked between the 4′ and 2′ 
hydroxyls are capable of cross-pairing with the natural pentofuranosyl form of RNA 
[184]. In addition, threose nucleic acid (TNA), which utilizes a shorter backbone, but is 
still in the furanosyl conformation, can also cross-pair with RNA [171]. Finally, even 
nucleic acids with acyclic sugars, such as the acyclic TNA derivative GNA (glycerol 
nucleic acid), can cross pair with RNA [185]. 
 On the other hand, there are also a number of nucleic acid backbones that have 
been synthesized which do not cross-pair, i.e., form stable duplexes, with natural RNA. 
One example is the flexible nucleic acid backbone (FNA) (Figure 5.1), which was shown 
by Merle et al. not to form stable homo-duplexes or hetero duplexes with natural nucleic 
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acids. Before it was demonstrated that FNA cannot cross-pair with RNA, this nucleic 
acid was suggested as a likely precursor to RNA because of its relatively simple, acyclic 
chemical structure [186,187].  Furthermore, the glycerol unit of FNA is stereochemically 
analogous to a ribose moiety in which the C2′ carbon has been removed (or not yet 
inserted). More recently, Switzer and coworkers have demonstrated that the DNA 
polymerase Therminator is able to polymerize FNA-triphosphates using a DNA template 
[146]. While the DNA polymerase is not necessarily prebiotic, this study did prove that 
hybrid systems that do not form stable duplexes are, in some cases, able to transfer 
sequence information from a template to a product strand.  
 2′,5′ RNA, the structural isomer of natural RNA discussed in Chapters 2 and 3, 
forms stable hybrid duplexes with natural RNA [100]. In contrast, Damha and coworkers 
observed that 2′,5′ RNA does not form stable duplexes with 3′,5′ DNA [100,188]. The 
high association constant and backbone interactions demonstrated in previous Chapters 
for 2′,5′ RNA binding to proflavine provides an excellent system to investigate the ability 
for intercalators to stabilize hybrid duplexes that are not stable in the absence of 
intercalators.  
The addition of single stranded 2′,5′ RNA and single stranded 3′,5′ DNA produce 
a CD spectrum that is not a linear combination of the single strand CD spectra (Figure 
5.2). This result indicates some level of association between the two oligonucleotide 
strands, which is contrary to the conclusion of Damha and coworkers that 2′,5′ RNA and 
3′,5′ DNA do not hybridize [100]. The oligonucleotides used in these experiments 
contained only G and C residues to provide maximum stability, and nucleotide sequences 
were specifically designed to have minimal self-structure (e.g., hairpins, self-dimers, 
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quadruplexes). Therefore, the observation of a 2′,5′ RNA/3′,5′ RNA hybrid duplex may 
be due to the added stability of having all G·C pairs. Samples containing either of the two 
oligonucleotide strands do not exhibit a cooperative melting transition when monitored 
by CD.  
While the cooperative transition observed for the 2′,5′ RNA/3′,5′ RNA hybrid 
duplex without proflavine is ca. 35°C, the addition of proflavine creates an ICD in the 
visible region between 400 and 500 nm (Figure 5.2) (similar to the ICD observed in 
Chapter 3) as well as increases the TM by ca. 15°C. The addition of proflavine apparently 
promotes the formation of a self-structure in samples containing either of the single 
strands, as evidenced by the ICD bands. The linear combination of these control spectra 
are very similar to the spectrum produced by the hybrid duplex in the presence of 
proflavine. Thermal denaturation of the single strands with proflavine does not display 






Figure 5.2. CD spectra of the 2′,5′ RNA/3′,5′ DNA hybrid duplex without (Top) and with 
(Bottom) proflavine. Strand sequences were 3′,5′ DNA: 5′-CCCGCCGCGCCG-3′, 2′,5′ 
RNA: 5′-CGGCGCGGCGGG-2′. Oligonucleotide concentrations were 40 µM bp for 
hybrid spectra and 40 µM base for single stranded spectra. Samples containing 
intercalator had 20 µM proflavine. CD spectra were acquired at 5°C in 1× BPE, 100 mM 
NaCl buffer.  
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Figure 5.3. Top: Normalized CD thermal denaturation of the 3′,5′ DNA and 2′,5′ RNA 
single strands and the hybrid duplex with proflavine. Bottom: Normalized CD thermal 
denaturation of a 2′,5′ RNA/3′,5′ DNA hybrid with and without proflavine. Melting 
curves were normalized by fitting each spectrum to a linear combination of the first (5°C) 
and last spectra (95°C) in the UV region. Pre-transition slopes indicate duplex destacking 
prior to the cooperative melt. Multiple traces represent two heating and two cooling 
cycles. 
 
 The observed increase in hybrid duplex stability is of similar magnitude to that 
observed for the addition of proflavine to the 2′,5′ RNA/2′,5′ RNA homo-duplex, as 
discussed in Chapter 2. While this datum is preliminary, and does not prove that the 
association of proflavine with the hybrid duplex is intercalation, the fact that proflavine 
intercalates 3′,5′ DNA as well as 2′,5′ RNA homo-duplexes (see Chapter 3), strongly 
suggests that proflavine can also intercalate the hybrid duplex. In any case, these 
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experiments demonstrate the potential for an intercalator to promote duplex formation 
between oligonucleotides with different backbones that do not otherwise hybridize. 
 
5.1.2. Predisposing Base Steps for Intercalation 
  As discussed in Chapter 3, an alternating sugar pucker arrangement at an 
intercalation site (C3′ endo/C2′ endo in DNA and RNA, also described as 
compact/extended inter-phosphate distances) is energetically favorable [49]. In Chapter 3 
it was also shown that when the RNA linkage is changed from 3′,5′ to 2′,5′, a preference 
of alternating sugar puckers is observed, which is C2′ endo/C3′ endo, but this pattern is 
again of compact/extended inter-phosphate distances in the case of 2′,5′ RNA.  
Although there are examples of DNA intercalation where the alternating sugar 
pucker arrangement is not observed [47,97], our experimental results as well as 
computational studies indicate [49], that the alternating sugar pucker state is the most 
energetically favored state of the nucleic acid backbone at a site of intercalation. Chaires 
has shown that the amount of energy required to create an intercalation site is on the 
order of +5-10 kcal mol-1 [38]. It is therefore reasonable to predict that the 
preorganization of an oligonucleotide with these alternating compact/extended sugar 
conformations would decrease the amount of energy required to form an intercalation 
site.  
There is more than one way by which it may be possible to preorganize a nucleic 
acid backbone for preferential site intercalation. Locked-nucleic acids (or LNA) consist 
of nucleotides with a methylene bridge between O2′ and C4′ positions of a ribose 
nucleoside (Figure 5.4), which “locks” the nucleotide into the C3′ endo sugar pucker 
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conformation. It has been demonstrated that these modifications increase the stability of 
an LNA-RNA hybrid duplex because no energy is required to switch the LNA nucleotide 
from the preferred DNA sugar pucker of C2′-endo (an extended or south pucker 
conformation) to the preferred C3′-endo sugar pucker (a compact or north pucker 
conformation) of a hybrid duplex formed with RNA [189]. In 2007 Jayakumar et al. also 
reported that incorporation of a 3′-phosphorothioate induces the attached sugar convert to 
a C3′ endo sugar pucker conformation [190]. For example, incorporation of a 
phosphorothioate (ps) at a CpG step (e.g., CpsG) causes the C sugar to be in the C3′ endo 
conformation, while the G would remain in the C2′ endo conformation, which is the 
preferred sugar pucker arrangement for intercalation. 
  
 
Figure 5.4. A locked nucleic acid mononucleotide (LNA). The O2′ is bridged to the C4′ 
through a methylene bridge. 
 
Although incorporation of LNA (l) nucleotides (e.g., lCpG) could cause the same 
effect, the addition of the methylene bridge to the nucleotide may provide steric 
hindrance, which may decrease the association constant of the intercalator. To test the 
hypothesis that pre-disposing the nucleic acid backbone into alternating C3′ endo/C2′ 
endo steps makes base pair intercalation more energetically favorable, the effect of both 
modifications will be determined. Oligonucleotides will require at least one internal CpG 
step because of the observed preference for base pair intercalation at CpG steps. For 
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example the self-complementary dodecanucleotide d(GpGpCpGpApTpCpGpCpCp)  has 
two CpG steps as well as two C·G base pairs that flank the CpG steps.  The central hex 
nucleotide of this sequence has been used previously for crystallographic as well as NMR 
studies of nucleic acid intercalation. The CpG steps will be modified with either 
phosphorothioate linkages or LNA sugars to predispose the intercalation site 
(d(GpGpCpsGpApTpCpsGpCpCp) and d(GpGp)l(Cp)d(GpApTp)l(Cp)d(GpCpCp) 
respectively). Although prediction of binding site preference is conceptually straight 
forward, the problems borne out by experiment may produce unwanted results. To prove 
that the intercalator is binding at the two CpG steps either NMR or crystallography must 
be employed to determine the sugar puckers before intercalation and to determine the 
binding sites of the small molecules used.  
 
5.1.3. Intercalation-Mediated Ligation: Generating Sequence Diversity 
 In vitro evolution of RNA has led to ribozymes capable of performing a variety of 
catalytic functions that are assumed to have been necessary for a basic metabolism and 
gene replication in a pre-protein RNA world. For example, Lincoln and Joyce have 
recently demonstrated the evolution of ribozyme that is capable of catalyzing its own 
formation from a pool of substrates that constitute two parts of the complete ribozyme 
[12]. Despite this impressive result, and the support it lends to the RNA world 
hypothesis, without an initial pool of nucleic acids with sufficient sequence diversity, the 
appearance of such ribozymes would not have been possible in the pre-RNA world. 
 Hud and Anet proposed that molecular midwives could be used to assemble short 
nucleic acid duplexes with high sequence diversity because of the lack of sequence 
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specificity inherent to intercalator-base pair stacking [53]. The data shown in Chapter 4, 
specifically the ligation of d(pCCTA)·d(pGGTA) assembled with ethidium, is akin to this 
in the possibility of creating longer polymers with sequence diversity that increases 
exponentially with length. By merely increasing the number of original tetranucleotides 
in the complex from one to two the number of potential products increases tremendously. 
To further prove this point it would be prudent to incorporate tetranucleotides with more 
randomized positions as well as demonstrate the ligation of shorter oligonucleotides and 
mononucleotides. 
 
5.1.4. Intercalator/Ligation Chemistry Specificity 
Swapan S. Jain, a previous member of the Hud laboratory, demonstrated that 
template-directed ligation of d(T3-ps) and d(5′-iodo-T4) was greatly enhanced in the 
presence of proflavine (i.e. about 1000-fold), but not in the presence of ethidium [61]. In 
contrast, the experiments presented in Chapter 4 demonstrate that N-cyanoimidazole 
phosphate activation of the oligonucleotide d(pCGTA) results in efficient polymer 
formation in the presence of ethidium, but not in the presence of proflavine. Additionally, 
the small molecule aza3, which binds duplexes with A·A base pairs, promotes the 
formation of linear polymers from d(pA6), whereas coralyne does not, even though 
coralyne binds more tightly to A·A base pairs [142]. These observations emphasize that 
the ability to intercalate and stabilize a duplex with specific base pairs is not sufficient 
criteria to predict that an intercalator will create a ligation-active complex for a given 
backbone coupling chemistry.  
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These ligation systems were designed to create only one product (i.e., 3′,5′-linked 
DNA). But it was previously demonstrated that given a choice of linkage (i.e., 3′,5′ or 
2′,5′ linkage), the product is highly dependent on the solution conditions [169] as well as 
the template used [191]. Clearly the pre-ligation state of the nucleic acid is critical to 
which backbone regio-isomer is formed.  
As shown in Chapter 3, proflavine has H-bonds to the phosphate backbone when 
it intercalates 2′,5′ RNA. It would therefore be interesting to observe the intercalator-
assisted ligation of 2′,5′ RNA polymers. The molecular midwife hypothesis [53] 
discusses recognition of the sizes of the base pairs by having optimal overlap during π-π 
stacking of the intercalator and the two base pairs of its binding site. Our observation of 
distinct thermodynamics for intercalation of 2′,5′ versus 3′,5′ RNA suggests that 
intercalator backbone interactions could also influence the backbone selected during 
ligation. Intercalation of a 2′,5′ RNA duplex prior to ligation may place the backbone in a 
conformation that directs a single backbone regio-isomer. 
 
5.2. CONCLUDING REMARKS 
Nucleic acid intercalation has been studied extensively for over four decades [72]. 
Although the structure and energetics of DNA and RNA intercalation have been 
discussed in great detail, there are still some fundamental questions that remain 
unanswered. For example, several explanations have been presented for the origin of the 
nearest-neighbor exclusion principle [45], but there is presently no consensus regarding 
the thermodynamic or structural origin of this principle [46,47,49,52,97]. It stands to 
reason that a more detailed understanding of intercalation thermodynamics, including the 
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contributions from the backbone, should help ultimately reveal the origin of the nearest-
neighbor exclusion principle, as well as provide additional insights regarding the general 
nature of small molecule binding to nucleic acids by intercalation. 
The structure and dynamics of the nucleic acid backbone should be expected to 
contribute significantly to the thermodynamics of intercalation. It has been shown in this 
thesis that investigating the effects of structural changes in the backbone on the energetic 
and structural transitions associated with intercalation can be very fruitful. In particular, 
the work presented in Chapters 2 and 3 demonstrate that intercalation of 2′,5′ RNA 
results in structural transitions that are similar to those observed for natural RNA. For 
example, as expected, the intercalation binding site is associated with helix unwinding 
and base pair destacking of the 2′,5′ RNA duplex . The increase in helical rise is to nearly 
two times the thickness of a π-stack, which is similar to that observed upon intercalation 
of natural RNA by proflavine [47]. Furthermore, both nucleic acid backbones exhibit an 
intercalator binding site preference for CpG steps.  
A detailed structural investigation has shown that the formation of an intercalation 
site in 2′,5′ RNA also involves the unwinding of the phosphate dihedral angle ζ (similar 
as to what was observed for natural nucleic acids [125]). At the same time, 2′,5′ RNA 
exhibits another structural transition at the 2′ end of the intercalation site (guanosine). 
The sugar pucker of this residue changes from that of the unintercalated duplex, C2′ endo 
[87], to C3′ endo, which produces the alternating C2′ endo/C3′ endo conformation at the 
intercalation site. Although these sugar puckers are the opposite of what is commonly 
observed upon intercalation of natural RNA (C3′ endo/C2′ endo), the inter-phosphate 
distances are the same (compact /extended for the pyrimidine and purine respectively). 
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Therefore, the work presented in this thesis supports the hypothesis discussed previously 
by Voet [46] that the alternating sugar pucker motif is energetically favored in 
intercalation. The studies discussed in Chapters 2 and 3 represent what could be 
considered the first example of exploring the vast structural space of possible nucleic acid 
backbones that allow intercalation, perhaps providing more insight into the origins of 
some of the characteristics of intercalation and potentially revealing backbones that are 
even more amenable to intercalation (e.g., backbones that allow violation of the nearest-
neighbor exclusion principle). 
With regards to the origin of nucleic acids, intercalating molecules may provide 
solutions to a number of problems associated with the search for how the first RNA-like 
molecules could have formed without the aid of protein enzymes. Along these lines, the 
studies discussed in this thesis are supportive of the ideas outlined in the molecular 
midwife hypothesis [53]. In this hypothesis the nucleic acid base pairs are proposed to 
have pre-assembled into columnar stacks with alternating base pairs and intercalator-like 
midwife molecules. The nucleic acid bases in these stacks were then covalently linked by 
a suitable backbone.  
Although there are a variety of intercalator-like molecules that may have been 
present on the prebiotic Earth [151,179], molecules that would have acted as the 
proposed midwife molecules would have interacted with the bases in a manner that was 
compatible with the formation of an available backbone linkage (Chapters 2 and 3). From 
the work presented in this thesis, it is clear that not all intercalating molecules are 
compatible with all ligation chemistries. As shown in Chapter 4, in the presence of 
ethidium polymers up to 100 nucleotides can be formed from N-cyanoimidazole-
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activated tetranucleotides. In contrast, proflavine, which has a similar association 
constant to DNA as ethidium [73], does not promote linear ligation of the same activated 
tetranucleotides. Similarly, with the d(pA6) experiments shown in Chapter 4, there is a 
ligation preference for aza3 over coralyne, even though both have been shown to 
assemble homo-A duplexes [60,165]. 
Even for a midwife molecule that is compatible with a particular ligation chemistry, 
it might still exhibit a selective pressure on the exact structure of the backbone formed. 
For a chemistry that is compatible with proflavine acting as a midwife molecule, 
backbone formation in the presence of proflavine could be biased to 2′,5′ RNA linkages 
rather than 3′,5′ RNA linkages, as it has been shown in this thesis that proflavine binds 
2′,5′ RNA with higher affinity.  
All together, the work presented in this thesis is consistent with the molecular 
midwife hypothesis [53] and provides some glimpse to how intercalating molecules could 
have helped nucleic acids circumvent some of the problems that would have otherwise 
thwarted polymer growth (i.e., strand cyclization, incompatible hetero-duplexes, 
backbone diversity). Although these data do not prove the molecular midwife hypothesis, 
the number of problems that can be solved by this relatively simple solution suggests that 
intercalators may have made significant contributions to the origin of RNA-like 
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Figure A.1. Residue numbering schematic for the AMBER model. Terminal guanines are 
RGX residues while internal guanines are RGY residues. Terminal cytosines are RC3 
while internal cytosines are RCY. Proflavines are PRF residues. The proton numberings 
are shown for proflavine as they do not follow the IUPAC numbering standards (as is 
shown in Figure 3.6) 
  



















1 RGX H1' 1 RGX H2' 1.8 3.3 
1 RGX H1' 1 RGX H3' 1.8 5.0 
1 RGX H1' 1 RGX H4' 1.8 5.0 
1 RGX H1' 1 RGX H8 1.8 3.3 
1 RGX H1' 1 RGX H5' 1.8 5.0 
1 RGX H1' 1 RGX H5'' 1.8 5.0 
1 RGX H2' 1 RGX H3' 1.8 2.7 
1 RGX H2' 1 RGX H4' 1.8 3.3 
1 RGX H2' 1 RGX H8 1.8 5.0 
1 RGX H2' 1 RGX H5' 1.8 5.0 
1 RGX H2' 1 RGX H5'' 1.8 5.0 
1 RGX H3' 1 RGX H4' 1.8 2.7 
1 RGX H3' 1 RGX H8 1.8 5.0 
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Table A.1 continued 
1 RGX H3' 1 RGX H5' 1.8 3.3 
1 RGX H3' 1 RGX H5'' 1.8 3.3 
1 RGX H4' 1 RGX H8 1.8 5.0 
1 RGX H4' 1 RGX H5' 1.8 2.7 
1 RGX H4' 1 RGX H5'' 1.8 2.7 
1 RGX H5' 1 RGX H5'' 1.8 2.7 
1 RGX H1' 2 RCY H1' 1.8 5.0 
1 RGX H1' 2 RCY H4' 1.8 5.0 
1 RGX H1' 2 RCY H5 1.8 5.0 
1 RGX H1' 2 RCY H6 1.8 5.0 
1 RGX H1' 2 RCY H5' 1.8 5.0 
1 RGX H1' 2 RCY H5'' 1.8 5.0 
1 RGX H2' 2 RCY H4' 1.8 5.0 
1 RGX H2' 2 RCY H5 1.8 5.0 
1 RGX H2' 2 RCY H6 1.8 3.3 
1 RGX H2' 2 RCY H5' 1.8 5.0 
1 RGX H2' 2 RCY H5'' 1.8 5.0 
1 RGX H3' 2 RCY H5 1.8 5.0 
1 RGX H3' 2 RCY H6 1.8 5.0 
1 RGX H8 2 RCY H4' 1.8 5.0 
1 RGX H8 2 RCY H5' 1.8 5.0 
1 RGX H8 2 RCY H5'' 1.8 5.0 
2 RCY H1' 2 RCY H2' 1.8 5.0 
2 RCY H1' 2 RCY H3' 1.8 5.0 
2 RCY H1' 2 RCY H4' 1.8 5.0 
2 RCY H1' 2 RCY H6 1.8 5.0 
2 RCY H1' 2 RCY H5' 1.8 5.0 
2 RCY H1' 2 RCY H5'' 1.8 5.0 
2 RCY H2' 2 RCY H4' 1.8 3.3 
2 RCY H2' 2 RCY H6 1.8 2.7 
2 RCY H2' 2 RCY H5' 1.8 5.0 
2 RCY H2' 2 RCY H5'' 1.8 5.0 
2 RCY H3' 2 RCY H6 1.8 5.0 
2 RCY H4' 2 RCY H6 1.8 5.0 
2 RCY H4' 2 RCY H5' 1.8 2.7 
2 RCY H4' 2 RCY H5'' 1.8 2.7 
2 RCY H5 2 RCY H6 1.8 2.7 
2 RCY H5 2 RCY H5' 1.8 5.0 
2 RCY H5 2 RCY H5'' 1.8 5.0 
2 RCY H6 2 RCY H5' 1.8 5.0 
2 RCY H6 2 RCY H5'' 1.8 5.0 
2 RCY H1' 3 RCY H5 1.8 5.0 
2 RCY H1' 3 RCY H6 1.8 5.0 
2 RCY H1' 3 RCY H5' 1.8 5.0 
2 RCY H2' 3 RCY H5 1.8 3.3 
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2 RCY H2' 3 RCY H6 1.8 5.0 
2 RCY H3' 3 RCY H5 1.8 5.0 
2 RCY H3' 3 RCY H6 1.8 5.0 
2 RCY H5 3 RCY H5 1.8 5.0 
2 RCY H5 3 RCY H6 1.8 5.0 
2 RCY H6 3 RCY H5 1.8 5.0 
3 RCY H1' 3 RCY H2' 1.8 3.3 
3 RCY H1' 3 RCY H3' 1.8 3.3 
3 RCY H1' 3 RCY H4' 1.8 5.0 
3 RCY H1' 3 RCY H5 1.8 5.0 
3 RCY H1' 3 RCY H6 1.8 3.3 
3 RCY H2' 3 RCY H3' 1.8 2.7 
3 RCY H2' 3 RCY H4' 1.8 3.3 
3 RCY H2' 3 RCY H5 1.8 3.3 
3 RCY H2' 3 RCY H6 1.8 2.7 
3 RCY H2' 3 RCY H5' 1.8 3.3 
3 RCY H3' 3 RCY H4' 1.8 3.3 
3 RCY H3' 3 RCY H5 1.8 5.0 
3 RCY H3' 3 RCY H6 1.8 3.3 
3 RCY H3' 3 RCY H5' 1.8 2.7 
3 RCY H4' 3 RCY H6 1.8 5.0 
3 RCY H4' 3 RCY H5' 1.8 2.7 
3 RCY H5 3 RCY H6 1.8 2.7 
3 RCY H6 3 RCY H5' 1.8 5.0 
3 RCY H1' 18 PRF H6 1.8 5.0 
3 RCY H2' 18 PRF H6 1.8 5.0 
3 RCY H3' 18 PRF H6 1.8 5.0 
3 RCY H6 18 PRF H5 1.8 5.0 
4 RGY H1' 4 RGY H2' 1.8 5.0 
4 RGY H1' 4 RGY H3' 1.8 3.3 
4 RGY H1' 4 RGY H4' 1.8 5.0 
4 RGY H2' 4 RGY H3' 1.8 2.7 
4 RGY H2' 4 RGY H4' 1.8 5.0 
4 RGY H2' 4 RGY H8 1.8 5.0 
4 RGY H3' 4 RGY H4' 1.8 3.3 
4 RGY H3' 4 RGY H8 1.8 3.3 
4 RGY H1' 5 RCY H4' 1.8 5.0 
4 RGY H1' 5 RCY H6 1.8 5.0 
4 RGY H1' 5 RCY H5' 1.8 3.3 
4 RGY H2' 5 RCY H2' 1.8 3.3 
4 RGY H2' 5 RCY H6 1.8 5.0 
4 RGY H4' 5 RCY H6 1.8 5.0 
4 RGY H1' 18 PRF H6 1.8 5.0 
4 RGY H1' 18 PRF H4 1.8 5.0 
4 RGY H2' 18 PRF H6 1.8 5.0 
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4 RGY H2' 18 PRF H7 1.8 5.0 
4 RGY H3' 18 PRF H6 1.8 5.0 
4 RGY H4' 18 PRF H6 1.8 5.0 
4 RGY H4' 18 PRF H7 1.8 5.0 
5 RCY H1' 5 RCY H2' 1.8 5.0 
5 RCY H1' 5 RCY H3' 1.8 5.0 
5 RCY H1' 5 RCY H4' 1.8 5.0 
5 RCY H1' 5 RCY H5 1.8 5.0 
5 RCY H1' 5 RCY H6 1.8 5.0 
5 RCY H1' 5 RCY H5' 1.8 5.0 
5 RCY H2' 5 RCY H6 1.8 2.7 
5 RCY H3' 5 RCY H4' 1.8 3.3 
5 RCY H3' 5 RCY H6 1.8 3.3 
5 RCY H3' 5 RCY H5' 1.8 3.3 
5 RCY H4' 5 RCY H6 1.8 5.0 
5 RCY H4' 5 RCY H5' 1.8 2.7 
5 RCY H5 5 RCY H6 1.8 2.7 
5 RCY H6 5 RCY H5' 1.8 5.0 
5 RCY H1' 17 PRF H6 1.8 5.0 
5 RCY H2' 17 PRF H5 1.8 5.0 
5 RCY H2' 17 PRF H6 1.8 5.0 
5 RCY H2' 17 PRF H7 1.8 5.0 
5 RCY H3' 17 PRF H6 1.8 5.0 
5 RCY H6 17 PRF H5 1.8 5.0 
6 RGY H1' 6 RGY H2' 1.8 2.7 
6 RGY H1' 6 RGY H8 1.8 5.0 
6 RGY H2' 6 RGY H3' 1.8 5.0 
6 RGY H2' 6 RGY H4' 1.8 3.3 
6 RGY H2' 6 RGY H8 1.8 3.3 
6 RGY H1' 7 RGY H3' 1.8 3.3 
6 RGY H1' 7 RGY H4' 1.8 2.7 
6 RGY H1' 7 RGY H8 1.8 5.0 
6 RGY H2' 7 RGY H8 1.8 5.0 
6 RGY H1' 17 PRF H6 1.8 5.0 
6 RGY H1' 17 PRF H4 1.8 5.0 
6 RGY H2' 17 PRF H6 1.8 5.0 
6 RGY H2' 17 PRF H7 1.8 5.0 
6 RGY H4' 17 PRF H6 1.8 5.0 
6 RGY H4' 17 PRF H7 1.8 5.0 
6 RGY H8 17 PRF H6 1.8 5.0 
6 RGY H8 17 PRF H4 1.8 5.0 
7 RGY H1' 7 RGY H2' 1.8 2.7 
7 RGY H1' 7 RGY H3' 1.8 3.3 
7 RGY H1' 7 RGY H4' 1.8 5.0 
7 RGY H1' 7 RGY H8 1.8 5.0 
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7 RGY H2' 7 RGY H3' 1.8 2.7 
7 RGY H2' 7 RGY H8 1.8 2.7 
7 RGY H3' 7 RGY H4' 1.8 3.3 
7 RGY H3' 7 RGY H8 1.8 3.3 
7 RGY H3' 7 RGY H5' 1.8 2.7 
7 RGY H4' 7 RGY H8 1.8 5.0 
7 RGY H4' 7 RGY H5' 1.8 2.7 
7 RGY H8 7 RGY H5' 1.8 5.0 
7 RGY H1' 8 RC3 H2' 1.8 5.0 
7 RGY H1' 8 RC3 H3' 1.8 5.0 
7 RGY H1' 8 RC3 H5 1.8 5.0 
7 RGY H3' 8 RC3 H6 1.8 5.0 
7 RGY H8 8 RC3 H2' 1.8 5.0 
7 RGY H8 8 RC3 H3' 1.8 5.0 
7 RGY H8 8 RC3 H4' 1.8 5.0 
7 RGY H8 8 RC3 H5 1.8 5.0 
7 RGY H8 8 RC3 H6 1.8 5.0 
8 RC3 H1' 8 RC3 H2' 1.8 3.3 
8 RC3 H1' 8 RC3 H3' 1.8 3.3 
8 RC3 H1' 8 RC3 H4' 1.8 5.0 
8 RC3 H1' 8 RC3 H5 1.8 5.0 
8 RC3 H1' 8 RC3 H6 1.8 3.3 
8 RC3 H1' 8 RC3 H5' 1.8 5.0 
8 RC3 H1' 8 RC3 H5'' 1.8 5.0 
8 RC3 H2' 8 RC3 H3' 1.8 2.7 
8 RC3 H2' 8 RC3 H4' 1.8 2.7 
8 RC3 H2' 8 RC3 H5 1.8 5.0 
8 RC3 H2' 8 RC3 H6 1.8 2.7 
8 RC3 H3' 8 RC3 H4' 1.8 3.3 
8 RC3 H3' 8 RC3 H5 1.8 5.0 
8 RC3 H3' 8 RC3 H6 1.8 3.3 
8 RC3 H4' 8 RC3 H4' 1.8 2.7 
8 RC3 H4' 8 RC3 H5 1.8 5.0 
8 RC3 H4' 8 RC3 H6 1.8 5.0 
8 RC3 H4' 8 RC3 H5' 1.8 5.0 
8 RC3 H4' 8 RC3 H5'' 1.8 2.7 
8 RC3 H5 8 RC3 H6 1.8 2.7 
8 RC3 H5 8 RC3 H5' 1.8 5.0 
8 RC3 H5' 8 RC3 H5'' 1.8 2.7 
8 RC3 H6 8 RC3 H5' 1.8 5.0 
8 RC3 H6 8 RC3 H5'' 1.8 5.0 
9 RGX H1' 9 RGX H2' 1.8 3.3 
9 RGX H1' 9 RGX H3' 1.8 5.0 
9 RGX H1' 9 RGX H4' 1.8 5.0 
9 RGX H1' 9 RGX H8 1.8 3.3 
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9 RGX H1' 9 RGX H5' 1.8 5.0 
9 RGX H1' 9 RGX H5'' 1.8 5.0 
9 RGX H2' 9 RGX H3' 1.8 2.7 
9 RGX H2' 9 RGX H4' 1.8 3.3 
9 RGX H2' 9 RGX H8 1.8 5.0 
9 RGX H2' 9 RGX H5' 1.8 5.0 
9 RGX H2' 9 RGX H5'' 1.8 5.0 
9 RGX H3' 9 RGX H4' 1.8 2.7 
9 RGX H3' 9 RGX H8 1.8 5.0 
9 RGX H3' 9 RGX H5' 1.8 3.3 
9 RGX H3' 9 RGX H5'' 1.8 3.3 
9 RGX H4' 9 RGX H8 1.8 5.0 
9 RGX H4' 9 RGX H5' 1.8 2.7 
9 RGX H4' 9 RGX H5'' 1.8 2.7 
9 RGX H5' 9 RGX H5'' 1.8 2.7 
9 RGX H1' 10 RCY H1' 1.8 5.0 
9 RGX H1' 10 RCY H4' 1.8 5.0 
9 RGX H1' 10 RCY H5 1.8 5.0 
9 RGX H1' 10 RCY H6 1.8 5.0 
9 RGX H1' 10 RCY H5' 1.8 5.0 
9 RGX H1' 10 RCY H5'' 1.8 5.0 
9 RGX H2' 10 RCY H4' 1.8 5.0 
9 RGX H2' 10 RCY H5 1.8 5.0 
9 RGX H2' 10 RCY H6 1.8 3.3 
9 RGX H2' 10 RCY H5' 1.8 5.0 
9 RGX H2' 10 RCY H5'' 1.8 5.0 
9 RGX H3' 10 RCY H5 1.8 5.0 
9 RGX H3' 10 RCY H6 1.8 5.0 
9 RGX H8 10 RCY H4' 1.8 5.0 
9 RGX H8 10 RCY H5' 1.8 5.0 
9 RGX H8 10 RCY H5'' 1.8 5.0 
10 RCY H1' 10 RCY H2' 1.8 5.0 
10 RCY H1' 10 RCY H3' 1.8 5.0 
10 RCY H1' 10 RCY H4' 1.8 5.0 
10 RCY H1' 10 RCY H6 1.8 5.0 
10 RCY H1' 10 RCY H5' 1.8 5.0 
10 RCY H1' 10 RCY H5'' 1.8 5.0 
10 RCY H2' 10 RCY H4' 1.8 3.3 
10 RCY H2' 10 RCY H6 1.8 2.7 
10 RCY H2' 10 RCY H5' 1.8 5.0 
10 RCY H2' 10 RCY H5'' 1.8 5.0 
10 RCY H3' 10 RCY H6 1.8 5.0 
10 RCY H4' 10 RCY H6 1.8 5.0 
10 RCY H4' 10 RCY H5' 1.8 2.7 
10 RCY H4' 10 RCY H5'' 1.8 2.7 
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10 RCY H5 10 RCY H6 1.8 2.7 
10 RCY H5 10 RCY H5' 1.8 5.0 
10 RCY H5 10 RCY H5'' 1.8 5.0 
10 RCY H6 10 RCY H5' 1.8 5.0 
10 RCY H6 10 RCY H5'' 1.8 5.0 
10 RCY H1' 11 RCY H5 1.8 5.0 
10 RCY H1' 11 RCY H6 1.8 5.0 
10 RCY H1' 11 RCY H5' 1.8 5.0 
10 RCY H2' 11 RCY H5 1.8 3.3 
10 RCY H2' 11 RCY H6 1.8 5.0 
10 RCY H3' 11 RCY H5 1.8 5.0 
10 RCY H3' 11 RCY H6 1.8 5.0 
10 RCY H5 11 RCY H5 1.8 5.0 
10 RCY H5 11 RCY H6 1.8 5.0 
10 RCY H6 11 RCY H5 1.8 5.0 
11 RCY H1' 11 RCY H2' 1.8 3.3 
11 RCY H1' 11 RCY H3' 1.8 3.3 
11 RCY H1' 11 RCY H4' 1.8 5.0 
11 RCY H1' 11 RCY H5 1.8 5.0 
11 RCY H1' 11 RCY H6 1.8 3.3 
11 RCY H2' 11 RCY H3' 1.8 2.7 
11 RCY H2' 11 RCY H4' 1.8 3.3 
11 RCY H2' 11 RCY H5 1.8 3.3 
11 RCY H2' 11 RCY H6 1.8 2.7 
11 RCY H2' 11 RCY H5' 1.8 3.3 
11 RCY H3' 11 RCY H4' 1.8 3.3 
11 RCY H3' 11 RCY H5 1.8 5.0 
11 RCY H3' 11 RCY H6 1.8 3.3 
11 RCY H3' 11 RCY H5' 1.8 2.7 
11 RCY H4' 11 RCY H6 1.8 5.0 
11 RCY H4' 11 RCY H5' 1.8 2.7 
11 RCY H5 11 RCY H6 1.8 2.7 
11 RCY H6 11 RCY H5' 1.8 5.0 
11 RCY H1' 17 PRF H3 1.8 5.0 
11 RCY H2' 17 PRF H3 1.8 5.0 
11 RCY H3' 17 PRF H3 1.8 5.0 
11 RCY H6 17 PRF H1 1.8 5.0 
12 RGY H1' 12 RGY H2' 1.8 5.0 
12 RGY H1' 12 RGY H3' 1.8 3.3 
12 RGY H1' 12 RGY H4' 1.8 5.0 
12 RGY H2' 12 RGY H3' 1.8 2.7 
12 RGY H2' 12 RGY H4' 1.8 5.0 
12 RGY H2' 12 RGY H8 1.8 5.0 
12 RGY H3' 12 RGY H4' 1.8 3.3 
12 RGY H3' 12 RGY H8 1.8 3.3 
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12 RGY H1' 13 RCY H4' 1.8 5.0 
12 RGY H1' 13 RCY H6 1.8 5.0 
12 RGY H1' 13 RCY H5' 1.8 3.3 
12 RGY H2' 13 RCY H2' 1.8 3.3 
12 RGY H2' 13 RCY H6 1.8 5.0 
12 RGY H4' 13 RCY H6 1.8 5.0 
12 RGY H1' 17 PRF H3 1.8 5.0 
12 RGY H1' 17 PRF H4 1.8 5.0 
12 RGY H2' 17 PRF H3 1.8 5.0 
12 RGY H2' 17 PRF H2 1.8 5.0 
12 RGY H3' 17 PRF H3 1.8 5.0 
12 RGY H4' 17 PRF H3 1.8 5.0 
12 RGY H4' 17 PRF H2 1.8 5.0 
13 RCY H1' 13 RCY H2' 1.8 5.0 
13 RCY H1' 13 RCY H3' 1.8 5.0 
13 RCY H1' 13 RCY H4' 1.8 5.0 
13 RCY H1' 13 RCY H5 1.8 5.0 
13 RCY H1' 13 RCY H6 1.8 5.0 
13 RCY H1' 13 RCY H5' 1.8 5.0 
13 RCY H2' 13 RCY H6 1.8 2.7 
13 RCY H3' 13 RCY H4' 1.8 3.3 
13 RCY H3' 13 RCY H6 1.8 3.3 
13 RCY H3' 13 RCY H5' 1.8 3.3 
13 RCY H4' 13 RCY H6 1.8 5.0 
13 RCY H4' 13 RCY H5' 1.8 2.7 
13 RCY H5 13 RCY H6 1.8 2.7 
13 RCY H6 13 RCY H5' 1.8 5.0 
13 RCY H1' 18 PRF H3 1.8 5.0 
13 RCY H2' 18 PRF H1 1.8 5.0 
13 RCY H2' 18 PRF H3 1.8 5.0 
13 RCY H2' 18 PRF H2 1.8 5.0 
13 RCY H3' 18 PRF H3 1.8 5.0 
13 RCY H6 18 PRF H1 1.8 5.0 
14 RGY H1' 14 RGY H2' 1.8 2.7 
14 RGY H1' 14 RGY H8 1.8 5.0 
14 RGY H2' 14 RGY H3' 1.8 5.0 
14 RGY H2' 14 RGY H4' 1.8 3.3 
14 RGY H2' 14 RGY H8 1.8 3.3 
14 RGY H1' 15 RGY H3' 1.8 3.3 
14 RGY H1' 15 RGY H4' 1.8 2.7 
14 RGY H1' 15 RGY H8 1.8 5.0 
14 RGY H2' 15 RGY H8 1.8 5.0 
14 RGY H1' 18 PRF H3 1.8 5.0 
14 RGY H1' 18 PRF H4 1.8 5.0 
14 RGY H2' 18 PRF H3 1.8 5.0 
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14 RGY H2' 18 PRF H2 1.8 5.0 
14 RGY H4' 18 PRF H3 1.8 5.0 
14 RGY H4' 18 PRF H2 1.8 5.0 
14 RGY H8 18 PRF H3 1.8 5.0 
14 RGY H8 18 PRF H4 1.8 5.0 
15 RGY H1' 15 RGY H2' 1.8 2.7 
15 RGY H1' 15 RGY H3' 1.8 3.3 
15 RGY H1' 15 RGY H4' 1.8 5.0 
15 RGY H1' 15 RGY H8 1.8 5.0 
15 RGY H2' 15 RGY H3' 1.8 2.7 
15 RGY H2' 15 RGY H8 1.8 2.7 
15 RGY H3' 15 RGY H4' 1.8 3.3 
15 RGY H3' 15 RGY H8 1.8 3.3 
15 RGY H3' 15 RGY H5' 1.8 2.7 
15 RGY H4' 15 RGY H8 1.8 5.0 
15 RGY H4' 15 RGY H5' 1.8 2.7 
15 RGY H8 15 RGY H5' 1.8 5.0 
15 RGY H1' 16 RC3 H2' 1.8 5.0 
15 RGY H1' 16 RC3 H3' 1.8 5.0 
15 RGY H1' 16 RC3 H5 1.8 5.0 
15 RGY H3' 16 RC3 H6 1.8 5.0 
15 RGY H8 16 RC3 H2' 1.8 5.0 
15 RGY H8 16 RC3 H3' 1.8 5.0 
15 RGY H8 16 RC3 H4' 1.8 5.0 
15 RGY H8 16 RC3 H5 1.8 5.0 
15 RGY H8 16 RC3 H6 1.8 5.0 
16 RC3 H1' 16 RC3 H2' 1.8 3.3 
16 RC3 H1' 16 RC3 H3' 1.8 3.3 
16 RC3 H1' 16 RC3 H4' 1.8 5.0 
16 RC3 H1' 16 RC3 H5 1.8 5.0 
16 RC3 H1' 16 RC3 H6 1.8 3.3 
16 RC3 H1' 16 RC3 H5' 1.8 5.0 
16 RC3 H1' 16 RC3 H5'' 1.8 5.0 
16 RC3 H2' 16 RC3 H3' 1.8 2.7 
16 RC3 H2' 16 RC3 H4' 1.8 2.7 
16 RC3 H2' 16 RC3 H5 1.8 5.0 
16 RC3 H2' 16 RC3 H6 1.8 2.7 
16 RC3 H3' 16 RC3 H4' 1.8 3.3 
16 RC3 H3' 16 RC3 H5 1.8 5.0 
16 RC3 H3' 16 RC3 H6 1.8 3.3 
16 RC3 H4' 16 RC3 H4' 1.8 2.7 
16 RC3 H4' 16 RC3 H5 1.8 5.0 
16 RC3 H4' 16 RC3 H6 1.8 5.0 
16 RC3 H4' 16 RC3 H5' 1.8 5.0 
16 RC3 H4' 16 RC3 H5'' 1.8 2.7 
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16 RC3 H5 16 RC3 H6 1.8 2.7 
16 RC3 H5 16 RC3 H5' 1.8 5.0 
16 RC3 H5' 16 RC3 H5'' 1.8 2.7 
16 RC3 H6 16 RC3 H5' 1.8 5.0 
16 RC3 H6 16 RC3 H5'' 1.8 5.0 
 
Table A2. Sugar pseudorotational constraints 










1 RGX PPA 126 198 
2 RCY PPA 0 54 
3 RCY PPA 126 198 
4 RGY PPA 0 54 
5 RCY PPA 126 198 
6 RGY PPA 0 54 
7 RGY PPA 126 198 
8 RC3 PPA 126 198 
9 RGX PPA 126 198 
10 RCY PPA 0 54 
11 RCY PPA 126 198 
12 RGY PPA 0 54 
13 RCY PPA 126 198 
14 RGY PPA 0 54 
15 RGY PPA 126 198 
16 RC3 PPA 126 198 
 
Table A3. Backbone torsional constraints applied 








1 RGX ZETA 240 360 
2 RCY ZETA 240 360 
3 RCY ZETA 120 240 
4 RGY ZETA 240 360 
5 RCY ZETA 120 240 
6 RGY ZETA 240 360 
7 RGY ZETA 240 360 
9 RGX ZETA 240 360 
10 RCY ZETA 240 360 
11 RCY ZETA 120 240 
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12 RGY ZETA 240 360 
13 RCY ZETA 120 240 
14 RGY ZETA 240 360 
15 RGY ZETA 240 360 
2 RCY ALPHA 240 360 
3 RCY ALPHA 240 360 
4 RGY ALPHA 240 360 
5 RCY ALPHA 240 360 
6 RGY ALPHA 240 360 
7 RGY ALPHA 240 360 
8 RC3 ALPHA 240 360 
10 RCY ALPHA 240 360 
11 RCY ALPHA 240 360 
12 RGY ALPHA 240 360 
13 RCY ALPHA 240 360 
14 RGY ALPHA 240 360 
15 RGY ALPHA 240 360 
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